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NATIONAL: ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE L1k3 .

DEVELOPMENT OF A PISTON-COMPRESSOR TYPE LIGHT-GAS
GUN FOR THE LAUNCHING OF FREE-FLIGHT MODELS AT -
HIGH VELOCITY®

By A. C. Charters, B. Pat Densrdo,
and Vernon J. Rossow

SUMMARY

Recent interest in long-range missiles has stimilated a search for
new experimentgl techniques which can reproduce in the laboratory the high
temperatures and Mach numbers associated wilith the misslileg' flight. One
promising possibility lies in free-flight testing of laboratory models
which are flown at the full velocity of the missile. In this type of test,
temperatures are approximsted and aerodynamic heating of the model is
representative of that experienced by the missile in high-velocity flight.

A prime requirement of the free-flight test technigue is a device
which has the capacity for launching models at the veloclities desired.
In response to this need, a gun firing light models at velocities up to
15,000 feet per second has been developed gt the Ames Aeronsutical
Leboratory. The design of this gun, the snalysis of its performance,
and the results of the initial firing trlals are described in this paper.

The firing trials showed that the measured velocities and pressures
agreed well with the predicted values. Also, the erosion of the launch
tube was very small for the eleven rounds fired. The performance of the
gun suggests that 1t will be a satisfactory launcher for high-velocity
free-flight tests.

INTRODUCTION

With ever-increasing speeds of flight, it is clear that aerodynamic
heating will be one ¢f the most difficult problems to solve in the design
of a high-speed missile (see refs. land 2). The compression of the air
due to the high velocity will raise the temperature of the flow over the
missile thousands of degrees and will give rise to correspondingly large
rates of heat transfer.

lSupersedes NACA RM A55Gll by A. C. Charters, B. Pat Denardo, and
Vernon J. Rossow, 1955,
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The designer's difficulties are compounded by & lack of knowledge of .
the serodynamice of truly high-temperature, high Mach number flows. The
extensive body of theory for supersonic flow may not be too much help in
the present case because most of this theory is based on the assumption
that fluid properties such as viscosity and thermsl conductivity are con-
stant or, at the most, change slowly, (See ref. 3.) The temperatures are
so high that the phencmenon of dissociation may be of importance and the
physical properties of the air may change by orders of megnitude in narrow
reglons (i.e., in the boundery layer). The theoretical treatment of this
type of flow can hardly be considered adequate at present (see refs, L,

5, and 6), Even such fundamermtal quantities as the Reynolds number
of transition from laminar to turbulent flow in the boundery layer are
largely a matter of conjecture.

k_}

The means that the designer will have to take to cool the missile may
in themselves complicate the aerodynsmics of the flow., For example, one
method of counteracting the aerodynamic heating is to allow the surface of
the missile to melt or sublime during the flight, thereby balancing the
heat input with the heat of fusion or vaporization of the surface material.
A difficulty may arise in the use of this method because many materials
combine with oxygen and may burn instead of melting or subliming. If
burning should take place in the boundary layer, the heat of combustion
would add to the aerodynamic heating instesd of counteracting it. This
possibility cannot be predicted with any degree of certainty from the
present state of knowledge, and the success or failure of this and other
methods of cooling will undoubtedly have to be determined by experiment.

There is clearly & need for experiments carried out under conditions -
representative of high-speed, high-temperature flight. It will be appre-
cisted that the combination of high temperature with high flow velocities
mekes it unusually difficult to produce the correct conditions in the
laboratory. However, one promising epproach is to extend the test range
of the class of free-flight test facilities described In references 7
and 8. The method of testing in this class of facility is to launch -
a model at the desired velocity and allow 1t to fly freely through a long '
test chamber., Records of its flight are taken during 1ts passage through
the chamber and the aerodynamic quentities of interest are deduced from
these records. Ordinarily, most of the records are made external to the
model by esppersatus placed in the chamber along its trajectory. Despite
the fact that the measurements are indirect (drag, for example, being
determined from deceleration), these facilities have been successful in
obtaining reliable, accurate messurements of meny aerodynamic quentities,
as can be seen from references T, 9, and 10. It appears entirely
feasible to extend the region of testing in the free-flight test facllity
to velocities of 10,000 feet per second and sbove,.

In view of the possibilities whilch are latent in the free-flight test g
facility, the Ames Laboratory has started a progrem to develop this facil-
ity into & new research tool for. experimentation in the aerodynamics of \ 4
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high-speed flight. One of the prime requirements of the new fgeility is

& launching device capsble of launching the model at full flight veloecity.
If the correct conditions of temperature and air flow are to be produced
in the flight tests, it is necessary to fly the model at the same velocity
a8 the full-scale missile, since the high temperature is the result of the
high velocity. The results of the experiments must still be interpreted
in the light of scaling laws, but the temperature, which is the most dif-
ficult quantity to reproduce in the laboratory, will have the right range
of values. It is clear that the problem which must be solved at the outset
of this initial phase is the method of launching the models at the high
velocities required.

The launcher in common use in these facilities is a gun which uses
the standard military type of nitrocellulose gun powder. In fact, the gun
is normslly a military weapon which has been modified to meet the particu-
lar demands of model launching. To be of use in the present case, the
meximum velocity of the lsuncher must be as great as the flight speed of
misgiles having velocities of 20,000 ft/sec or more, since long-range bal-
listic missiles will re-enter the earth's atmosphere at nearly orbital
velocities (26,000 ft/sec or greater), (refs. 1 and 2). This value is
more than twice the maximum muzzle velocity that has ever been cobtained
from a military weepon, even in leboratory tests (around 10,000 ft/sec is
the highest recorded muzzle velocity). A study of interior ballistics
made by the authors showed that it would be difficult to design a gun
giving the required muzzle velocity of 20,000 ft/sec a8 long as nitrocel-
lulose gun powders were used ag the propellant.

Nevertheless, a gun has many attractive features as a launching
device. The tube contains the powder gases and there is no heavy rocket
motor to jettison at the end of the lasunching run, as would be the case
if a rocket were used to launch the model. The muzzle veloecity can be
changed easily by changing the amount of propellant used. The length of
launching run is relatively short since the acceleration of the model can
be made very high (an acceleration of 1,000,000 ft/sec2 is common in small
arms). If some technical modification could be found to increase its
maximum veloeity by a factor of 2, a gun would serve quite satisfactorily
for the purpcose at hand.

It is instructive to consider for a moment the causes which limit &
gun's velocity. If a gun is reduced to its barest essentials, it consists
of a long tube closed at one end. A projectile is located near the closed
end and the region between the model and the closed end is £illed with gas
vwhich is at high pressure (and usually at high temperature) at the start
of the firing cycle. The gas expands thereby propelling both the projec-
tile and itself down the tube, This is the physical model upon which
LaGrange based his classical interior ballistic calculations.

The energy for the propulsion is stored in the potential energy of the
gas. During the firing this energy is converted partly into the kinetic
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energy of the projectile and partly into the kinetiec energy of the gas
iteself. The divislon of energy between projectlle and gas depends on the
molecular weight of the gas, the weight of the projectile, and the pro-
Jectile's velocity (or the distance traveled by the projectile, which is
directly related to the velocity for a given set of firing conditions).

If the gun is infinite in length and such factors as heat loss to the
gun and bore friction are negligible, the projectile will be accelerated
by the gas until the pressure at its base is Just balanced by the pressure
acting ageinst its head. In case the bore is filled with ailr, the pro-
Jectile will accelerate until the base pressure equels the pressure behind
the shock wave preceding the projectile down the bore. In case the bore
is evacuated, the projectile will accelerate until it reaches the velocity
of efflux of the gas into a vacuum (the velocity of efflux for a transient,
centered expansion is 2ay/(y-1)). For example, consider the limiting
velocities when the propellant gas consists of the combustion products of
nitrocellulose gun powder: If the tube ahead of the model is filled with
air, the limiting veloecity is about 10,000 ft/sec (see section 9,16 of
reference 11, "The Maximum Possible Muzzle Velocity"); if the tube is
evacuated, the limiting veloclty is about 28,000 ft/sec.

In practice, two factors enter to limit the velocity to less than the
theoretical meximum. ¥First, the gun has & finlte length so that the travel
of the projectile is limited. Second, the gun has a finite strength, so
that the meximum pressure and, hence, the potential energy 1s limited. The
point of view taken here is that one is dealing with an actual gun whose
physical dimensions are fixed. Should the reader be thinking of some
existing gun and hold the opinion that certain modifications are desirable
in order to improve its performance, then the modified and improved gun
is the gun being considered in the present discussion.

It is evident that the highest velocities for & given gun of limited
length and strength will be reached by reducing the weight of the projec-
tile to & minimum and firing at the meximum allowsble pressure, The maxi-
mum muzzle veloeity will now be determined by the division of the kinetie
energy between the projectile and the gas. However, since the projectile
has been made as light as possible and, therefore, its weight is a fixed
guantity, the muzzle velocity is determined sclely by the molecular weight
of the gas., The lighter the gas, the higher will be the muzzle velocity.
If the gun is powered with nitrocellulose powder, the molecular weight of
the combustion products will be approximately 28 (nearly that of air),
which, of course, is quite heavy compered to the minimum molecular weight
of 2 for hydrogen or even 4 for helium. The limit imposed on the muzzle
velocity by the molecular welght of 28 for powder gas is borne out by
experience., Firings in other laboratories indicate that the practical
limit for a gun using nitrocellulose powder is around 10,000 ft/sec even
though the bore is evacuated (if the bore is not evacuated, the limit is
about 8,000 ft/sec).

&f
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Onetls imagination immediately suggests a solution, if only the chemis-
try could be brought under our control by some magical formula: Find &
solid propellant whose gaseous combustion products have a low molecular
welght. With this magical compound the gas will take up a far smaller
share of the potential energy and the proJjectile will be driven to & cor-
respondingly higher veloclity. Despite the soundness of the physical basis
on vwhich it rests, this particular solution yet awaits the discovery of
such a compounde.

The 1dea of increasing & gun's velocity by decreasing the molecular
weight of the propellant gases seems s0 straightforward that it must have
been in the minds of interior ballisticians for years. Vet the first
practical application known to the authors was mede during the recent
world war. A group at the New Mexico School of Mines developed a gun
based on this principle. Hydrogen was used as the propellant, and the
technical problem of bringing the hydrogen to high pressure at the start
of the firing cycle was solved by adding & pump unit to the gun proper.
The gun thus consisted of two parts: a gun tube proper and a pump tube,
the two being placed end to end. The projectile was placed at the Jjunc-
ture of the gun and pump tubes and was held in position by a shear disk
which was designed to rupture and release the projectile when the pres-
sure in the hydrogen reached the full velue desired at the start of the
launching cycles The hydrogen was injected into the pump tube at low
pressure and was pumped to high pressure by the single, rapid stroke of
& heavy piston. The piston, in turn, was propelled by the combustion of
ordinary nitrocellulose gun powder. In a word, the pumping cycle is the
mechanical asnslog of our magicsl compound and it served quite well to
bring the hydrogen not only to high pressure, but also to high tempera-
Pure, since the gas was compressed adisbatically in the rapid pumping
stroke.

The principle of operation of the hydrogen gun was proved by firing
light projectiles at velocities up to 13,000 f‘t/ sece In fact, it is
believed that higher velocities still might have been obtained from the
NMSM gun if lighter projectiles had been fired or if the bore had been
evacuated, thereby eliminating air resistance shead of the projectile dur-
ing firinge Nevertheless, the NMSM gun clearly demonstrated the advantages
of a gas of low molecular weight as a propellant.

Encouraged by the success of the NMSM gun, the authors undertook &
study of the performance that might be expected from a light-gas gun simi-
lar in operation to the NMSM gun but different in design and in dimensions.
The study showed that a light-gas gun of practical dimensions should be
capable of firing aerodynamic models at velocities of 20,000 ft/ sec or
more. This result together with the New Mexico tests suggested that the
light-gas gun would be a suitable lsuncher for high-velocity flight
testinge
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Requirements for a launcher for laboratory use are qulte different
from those for militery service, and it was considered desirable to
spproach the design of & light-gas gun for use at the Ames Laboratory &s
. an entirely new instrument, starting from the basic principles of opera-
tione Thus, the design was preceded by a careful, thorough~going analysis
of all phases of the gun's operation. Also, it was belileved that the
first gun.to be constructed should be as small a unit as practical to work
withe In this way, various features of the design could be evaluated by
actual test, and modifications could be made easily as the need for them
developed. The present light-gas gun can, in thils respect, be regarded as
a pilot model of & larger free-flight launcher having whatever celiber is
desired for tests in an aerodynamics range. On the other hand, its size
is large enough so that it can be used for many aerodynamic tests. Thus,
in addition to being & pilot model for a larger gun, the present gun is
suitable for use as a Pfree-flight launcher for small-scale tests.

The purpose of this report is to describe the light-gas gun developed
8t the Ames lLaboratory. Its design and the analysis of its performsnce
will be presented, and the results of the first firing trials will Dbe
discussed. In addition, a few preliminasry records will be included show-
ing projectiles in f£light at velocitlies between 10,000 and 15,000 ft/sec.

SYMBOLS
a speed of sound
- a o
a —
Qo
Ap cross-sectional ares of pump tube
Ay cross~sectional area of valve tube
b constant, a function of 7 (See eq. (Bl4).)
c constant involving geometry of system and masses of pistons
(See eq. (39).)
Cc constant Involving geometry of system and masses of pistons
" (See eq. (4).)
a diameter
D,E constants in equation (Bl)

L length of launch tube
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Lp length of pump tube

m mess

msF Tictitious projectile mass

M total mass of helium in pump tube

LM mass of helium used in propelling projectile
P light-gas (helium) pressure

I

P powder-gas pressure

R perfect-gas constant

S cross-sectional arez of launching tube
t time

- p,St

P e

T tempersture

u veloelity

2

U volume of powder geas chamber

v specific volume

N volume of powder gas at a given time
x distance from end of pump tube to forward face of pump piston
Y distance traveled by valve pilston

z travel of projectile

_ pOSz

i mgoo®

%o E2o (See eq. (6).)

-1
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B8 é%% (See eq. (6).)

¥ ratio of specific heats of light gas

r ratio of specific heats of powder gas

o} density

o Riemann function (See egs. (3) and (4).)

2

Oo a, for a calqrically and thermally perfect gas
Subsecripts

o] conditions in reservoir

1 conditions at start of pump cycle

2 conditions at start of launching cycle

3 conditions at end of launching cyecle

c charge of powder

L conditions at muzzle of lsunch tube

m experimentally measured quantity |

P punp piston or tube

v valve piston or tube

8 projectile or launch tube -

8gc projectile for conditions with chambersge

Bge projectile for conditions without chamberage

T Riemenn function in pump tube

2D design pressure

2R shear-disk rupture pressure
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Superscripts

() dimensionless quantity - used in equation (7) et seq.
(Bach dimensionless quentity is defined individually.)

() throat conditions

Note: All computations in this report were- carried out with the dimensions
of the quantities involved reducéd to englneering units; that is, lengths
in feet, times in seconds, masses in slugs, and forces in pounds. How-
ever, in the report itself the values of these quantities may be glven in
more familiar terms; for exemple, pressures are usually listed in pounds
per square inch rather than in pounds per square foot. In all cases, ‘the
units are designated if a numerical value is quoted.

DESCRIPTION OF GUN
Basic Elements of Light-Gas-Gun Operation

The essential elements of the light-gas gun developed at the Ames
Laboratory are shown in the sketch below.

Launche r—sl= Pump |

Pump piston

Z She
Projectile
Launch tube

Valve +ub§
Valve piston

Pump fube

Powder chamber

Sketch (a)

It will be recalled that the gun consists of two basic units, a launcher
and a pump. If one compares the light-gas gun with a conventional gun,
the launcher corresponds to the gun tube and the pump corresponds to the
powder chamber. The launcher, in fact, is merely & long gun tube. The
pump, on the other hand, is similar in function to the conventional gun's
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powder chamber, since it is the unit in which the high-temperature, high-
pressure propellant gas is generated.

The projectile is located at the Jjuncture of leuncher and pump and
is held 1in position by & shear disk. The thickness of the shear disk is
adjusted so that it withstands the pressure of the propellant gases until
the pressure deslred for launching is reached. At full lesunching pres-
sure, the shesr disk ruptures, releasing the projectile. The propellant
gases then pour from the pump inteo the launcher and drive the projectile
through the launch tube and out into £light.

The pump consists of a pump tube, & valve tube, and a powder chamber,
The pump and valve tubes are coaxial but face in opposite directions,
being placed breech to breech., The powder chamber is located to one side
et the Juncture of pump and valve tubes, as shown, and the port from the
chamber leads into both tubes.

Helium is the light gas used. The use of hydrogen was considered
and the performance of the gun was computed for a representative case
with hydrogen as the light ges. The relative performance of the two
gases depends, of course, not only on the difference of thelr molecular
welghte but also on the dlfference of thelr ratios of specific heats.
It was found that the muzzle velocity with hydrogen was only 5 percent
higher than with helium. Since helium is far safer to handle then
hydrogen and its use eliminates any danger of explosion from the muzzle
blast, helium was chosen in preference to hydrogen.

The helium is injected into the pump tube at relatively low pressure
before firing and is compressed during the pumping cycle to the high pres-
sures and temperatures desired for launching the projectile. The actual
compression is done by & heavy piston which is driven by the combustion
of the gun powder in the powder chamber.,

The valve tube serves the function of & valve, as its name implies.
It keeps the powder gases contained in the pump during the compression
stroke of the pump piston and releases them after the compression stroke
is completed. It also provides an avenue of escape for the pump piston,
a8 will be explained in detail later on. Tts action is accomplished by
the movement of & hesvy piston.

The functioning of each peart and 1ts relation to the gun as a whole
can be seen 1f one follows through the sequence of events that take place
when the gun is fired., The condition of the gun Just prior to firing is

shown in sketch (a) (above). The projectile-shear-disk unit is in position

at the juncture of pump and launcher:. Pump and valve pistons ‘are located
at the breeches of thelr respectlive tubes and are held in place initially
by sheasr disks, . The launch tube has been evacuated to minimize air
resistance and the pump tube has been filled with helium. The powder
chamber is loaded.
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The events during firing are illustrated in sketches (b) through (e)
(below). In these sketches the arrows indicate roughly the relative veloc-
lties of pistons and projectile at various times, The firing starts with
the ignition of the powder. The powder burns and the gases drive the
pistons in opposite directions. The pump piston compresses the helium,
being accelerated by the powder gases in the first part of the compres-
slon stroke and deceleraited by the increasing helium pressure in the last
part. The situation part way through the compression stroke is shown in
sketch (b).

»
o
s

ane

-

Sketch (b)

The pressure in the helium rises steadily during the compression stroke
untll the full pressure desired for launching is reached. At this pres-
sure, the shear 4disk ruptures, and the projectile starts its launching
run, as shown in sketch (ec).

Sketch (e)

The loading conditions are adjusted so that three things take plsce
during the time the projectile traverses the launcher:

1. The pump piston continues to move forward at the mean velocity
necessary to hold the pressure of the helium in the pump tube roughly
constant at launching pressure.

2. At the instant that the proJjectile leaves the muzzle of the
launcher, the helium pressure brings the pump piston to. a stop =&
short distance from the end of the pump tube. ~

3. At this same instent the valve piston lesves the end of the
valve tube, '
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The situation at the time that the projectile leaves the launcher muzzle
is shown in sketch (d). It is evident that this time marks the start of
the projectile's flight and the end of the compression cycle.

Sketch (d)

At the end of the compression cycle the projectile has been launched
and the gun has thus completed its primary task., However, one event has
yet to take place before the firing is finished. Sketch (d) shows that
there remains a buffer of helium at high pressure between the pump piston
and the end of the pump tube; slso, the pump unit is filled with powder
gas when the compression stroke ends. It is now necessary to dissipate
the energy remeining in these two regions of gas, and this action is
accomplished by the velve piston leaving the end of the velve tube, The
valve tube thus becomes & port through which the powder gases pour out
into the room, The pressure in the helium buffer is much greater than 1n
the powder gases and the buffer reverses the direction of the pump piston
and drives it back down the pump tube, as shown id sketch (e). Since ges

Sketch (e)

pressure only weskly opposes the motion of the pump piston as it returns,
it may traverse both pump and valve tubes and leave the gun, thus complet-
ing the firing. However, if the pressures in the hellum buffer and the
powder gases are balanced just right in this last phase of the operating
cycle, the pump plston may come to rest in the pump tube instead of being
driven out of the gun.
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Construction Details of the Light-Gas Gun

A photograph of the light-gas gun is shown in figure 1., The
principal components of the gun, the launcher and pump units, are desig-
nated in the photograph. The two units are Joined together by a coupling,
as shown. The entire assembly is mounted on a very rigid steel beam which,
in turn, is supported by five stands spaced aloag its length, Three pieces
of suxiliary equipment, a vacuum tank, recoil supports, and a catcher, are
also shown in the photograph. All of the components will now be described
in detail. For reference purposes a 1list of all dimensions of the Ames
gun and of certain other quantities which have fixed values in the opera-
tion of the gun is given in table I,

Figure 2 shows a phobtograph of the launcher together with s sketch
giving the detalls of its comstruetion. Actuslily, other units of the gun
are shown in figure 2 for the purpose of visual continuity, but these will
be described later. The essentisl element of the launcher is a 0,22-
caliber rifle barrel. The launcher was constructed from two rifle barrels
coupled end to end and placed inside a Y-inch-diemeter tube which alined
and supported the two barrels. (Two barrels coupled end to end were used
in preference to a single, long barrel because, in this way, the launch
tube was made from standard, rifle barrels at far less expense and time
than would have been involved in the manufacture of a single, long barrel,)
The total length from breech to muzzle ie sbout 4 feet., The barrels were
smooth-bored after assembly and thus have a uniform bore of diameter a
little less than 1/l inch,

A sketch of the pump glving the details of its comstruction is shown
in figure 3. The pump consists of three main subunits: the pump tube,
the valve tube, and the powder chamber., The pump and valve tubes are con-
structed from standerd smooth-bore, 20-mm test barrels., The pump tube is
made from two barrels coupled end to end. (The reason for this type of
construction is the same as for the launch tube.) The total length of the
pump tube is ebout 9 Peet and of the valve tube about 5 feet. The bore
diemeter of the pump tube 1s the standard 20 mm, but the bore of the valve
tube has been enlerged slightly. The powder chamber is bored from a
6-inch-diameter steel forging (ATSI No. 4340, heat treated to a Rockwell
hardness of C38) and its internal dimensions are a dlameter of 3 inches
and length of 8 inches. The chamber i1s closed by a breech of special
design whose only feature pertlnent to the present discussion is that it
supports and fires a 37-mm percussion-type primer. The pump tube , valve
tube, and powder chember are coupled by a heavy forging, shown in figure 3
as the T-connector, and the unit is balanced in rotation about the pump-
valve tube axis by a counterweight. :

The pistons used in the pump and valve tubes are shown in figure L.
Each piston is a right, circular cylinder of metal with the center relieved
to insure proper bearing support and %o provide a lasbyrinth sesl. An
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additional groove is machined in each end section of the pump plston to
improve the sealing. The end sections are made of half-hard brass to avoid
seizure with the steel bore surface and are machined to s sliding fit with
the bore, allowing a dlametral clearance of sbout 0.001 inch, The center
section is made of either brass or steel, depending on the pressures
involved. A thin flange is machined on the end of the pump piston facing
the powder chamber. This flange bears against a sealing ring in the
T-connector and serves to seal this end of the pump tube as it is pres-
surized with helium in preparation for firing (the pressures in the helium
run from 100 to 1,000 psi, depending on the firing conditions). It also
provides a weak shear disk that the powder pressure must rupture before
the pump piston cen move, and for this reason & similar flange is machined
on the valve piston in order to insure that both pistons start moving at
the same instant,

The method. of loading the gun powder in the powder chamber deserves a
brief mention. Both the pressures and the densities of loading are very
low compared to normal gun practice, and it is difficult to produce good
ignition and repeatable burning of the powder under these conditions. The
scheme used is shown in figure 5. The powder is held around the primer by
a cardboard tube taped to the face of the breech. It is thus saturated at
once by the fire from the primer, and the entire charge of powder appears
to ignite nearly simultaneously. The uniformity of the action of the
propellant from round to round is further enhanced by the shot-starts on
the pump and valve pistons. Neither piston can move until the powder
pressure reaches approximately 2,000 psi and, consequently, any irregu-
larities in the burning of the powder up to this pressure do not affect
the sction of the propellant in the pumping stroke.

A cross section of the coupling between the pump and launcher units
is shown in figure 6, A model, sebot, and shear disk are also shown in
position, and the outlines of two of the Dressure-gage units are sketched
in, The design of the projectile~shesr-disk unit shown is the final design
developed during the firing trials.

The sabot and shear disk are machined as an integral piece from a rod
of nylon; the ring is made of steel. The units used in the first few
rounds did not contain the steel ring, and it was found that the disk rup-
tured along a ragged, roughly conical surface and that pleces of the disk
around the hole broke out after the main plug had sheared and were appar-
ently driven down the bore of the launcher close behind the sabot. The
steel ring is made a close fit with the disk so that there is little leak-
age of helium between the two, and the front face of the ring is pressed
firmly egainst the rear face of the disk by the pressure of the helium.
The disk is thus squeezed between opposing faces of ring and launch ‘tube
and ruptures cleanly along a cylindrical surface Joining the hole in the
ring with the bore of the launch tube.
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In the design just described the sabot 1z formed in part from the
cylindrical plug sheared out of the disk, Since the plug 1s bore diameter,
it assists in supporting and guiding the model during the launching. In
fact, the sabot of high-veloclty rounds consists almost entirely of this
plug from the shear disk,

The type of seals whlch are 1n evidence in the coupling cross section
(fig. 6) deserve to be mentioned in pessing. The light-gas gun is a com-
posite structure made of many parts and the joints between these parts
must be sealed in order to contain the gases in the lnterior of the gun.
Certain of the seals must withstand very high pressures (of the order of
100,000 psi) and all must seal very tightly. Even a small smount of leak-
age makes the operation quite uvncertaln. Acting on the advlce of the
Navel Ordnance ILaboratory,2 the suthors found that the synthetic rubber
O-ring in common industriel use fulfilled the sealing requirements of
the light-gas gun exceptionally well. Synthetic rubber O-rings are
designed for pressures up to a few thousand pounds per square inch; but,
if the clearances between mating parts are kept to the order of 0.001
inch or less and the O-ring grooves are made to close tolerances, the
O-rings will seal against the trensient pressures acting In the coupling
as high as 100,000 psl and possibly higher.S

The pieces of auxiliary equipment shown 1in figure 1 are a. vacuum tank,
recoll supports, and & catcher, The vacuum tank is attached to the muzzle
of the launch tube by a sliding, vacuum-tight seal, Tits function is to
collect and contain the heliwm as it pours out of the launch tube behind
the projectlile and thereby to protect the instrumentation along the tra-~
Jectory from the blast and flash of the propellant gas. It also acts as
a ballast in the vacuum system.

The recoil supports take up the axial loads which occur during the
firing, They are rigid members running from the T-connector to the walls
of the range and transmit the stresses in the gun directly into the build-
ing structure. The gun is held rigidliy in place and not sllowed to recoil
during firing, so the term "recoil support" is perhaps & misnomer, although
these members replace the usual recoil system,

The catcher serves to stop and hold the valve and pump pistons after
they leave the valve tube., It is composed of a heavy steel box with a port

2The suthors sre indebted to the staff of the Hyperballisties Division
of the Aeroballistics Research Department, U. S. Naval Ordnance Leboratory,
and particularly to Mr, B, M, Shepard of this division, for their assist-
ance in the design of O-ring seals. .

SSome ¢f the O-rings may extrude a little into the joints and have to
be replaced each round., Sinee O-rings are relatively inexpensive, it is
standard practice to replace all seals that might have been damaged in
Piring.
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facing the valve tube. The front part of the box (the end facing the port)
ig filled with sand or slabs of fiberboard and the rear part conteins a
heavy slab of reinforced concrete, The pistons are actually stopped by
the concrete block, and the sand (or fiberboard) serves primesrily to pre-
vent the pistons or fragments of concrete from ricocheting back out through
the port. Consequently, both pistons are expended on each round, However,
they are simple in design and inexpemsive to build and thelr loss is
unimportant,

Optimum Deslign Consideratlions

It may be appropriate to conclude this section by remarking that
the gun described in this report does not in any way represent the
optimum design of light-gas gun. In fact, it is not clear at the present
time Jjust how to derive firm engineering criteria for the design of the
optimum light-gas gun. If the length of the pump tube is increased, the
compression ratio is increased for a specified pressure at the end of the
compression stroke, As a result, the density of the gas will be less, the
gas will requlire a smaller share of the potential energy for its acceler-
ation, and the muzzle velocity of the projectile will be increased. Sim-
ilarly, 1f the length of the launch tube is increased, the projectile will
be accelerated by the gas for a longer length of time, and the muzzle
velocity will be increased., Of course, these chenges will be counteracted
in due course by effects such as friction between the projectile and the
bore of the launch tube or the loss of heat from the gas to the pump and
launch tubes., At best, it is believed that the dimensions chosen for the
Ames gun are still far from the balance point, The lengths of launch and
pump tubes, the volume of the powder chamber, and other dimensions were
chosen because previous experience indicated that they were reasonsble.
The results of the firing triels have shown that the choices made have,
in fact, produced a workable unit.

ANATYSTS

Basic Considerstions

Let us start the analysis by considering certain basic factors which
control the functioning of the gun. The purpose of the gun is to impsxrt
the highest possible muzzle velocity to the projectile, Since the projec-
tile is accelerated by the helium pressure on its base, the gun should be
designed to function so that the helium pressure at the projectile's base
is maintained at the highest possible value throughout the launching cycle,
At the start of the launching run, the requirement of maximum base pressure
is quite simple: The helium pressure In the pump tube should be as high &s
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the strength of the gun will allow, During the lsunching run, however,
the requirement of maximum base pressure becomes more complex and it is
necessary to examine in some detall the conditions of gas flow from pump
tube to projectile base.

As the projectile traverses the lsunch tube, the helium pressure at
its base diminishes because a pressure drop is required to accelerate the
helium from very low veloecity in the pump tube to the veloeity of the pro-
jectile at its base in the launch tube. This pressure drop is proportional
to the kinetiec energy which must be imparted to the helium as it acceler-
ates, and, consequently, the drop is minimized by keeping the density of
the helium to a minimum, The point of view taken here is that the dimen-
sions of the gun are fixed initially, Hence, it is clear that the density
of the helium will be a minimum at all times only if the amount of helium
loaded initially into the pump tube is kept to the bare minimum required
to launch the projectile.

The total amount of helium required for launching is determined by the
pressure in the pump tube during the launching cycle., At the start the
pressure is fixed by the maximum value allowed by the gun. During the
first part of the cycle the pressure should be held at this maximum value
since a decrease. in pump tube pressure causes & corresponding decrease in
base pressure while the projectile's velocity is still low. However, as
the projectlile travels along the lsunch tube and its veloeity increases,
an intervel of time is requlred for an expansion wave caused by a decrease
in pump tube pressure to reach the proJjectile?s base and this time
increases steadlly the further the projectile trasvels. A certain time is
finally reached beyond which a decrease in pump tube pressure cannot be
trensmitted to the projectile before it arrives at the muzzle and completes
its launching run. The two requirements of (1) keeping the total amount
of helium to a minimum end (2) holding the pump tube pressure at maximum
during the first part of the launching cycle necessitate a careful adjust-
ment of the loading conditions in order to obtain the best possible per-
formance from the gun.

An approasch to the optimm rather than a design for the optimum
itself was considered setisfactory for the first firing trials and an
arbitrary choice was made between the two requirements stated above. It
was decided to adjust the loading conditions so that the pressure in the
pump tube would be held at the full maximum value during the entire launch-
ing cycle. This interval of time is undoubtedly longer than necessary for
optimum performsnce, but it insures that there will be an sdequate supply
of helium to propel the projectile; also, the cholice of this particular
interval greatly simplifies the analysls of the gunt's operation.

The question immediately arises: Is it possible to design the pumping
stroke so that the pressure in the pump tube will remain constant during
the launching cycle, as desired? The answer is that 1t is possible to do
so only approximately. A certain amount of heliuwm will flow out of the
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pump tube into the launch tube during the launching cyecle., Now, if the
mass and veloclty of the pump piston are adjusted so that i1t will move
Just the distance required to meke up for the loss of helium, then the
pressure in the pump tube at the end of the launching cycle will be the
same as at the start. Since the end points are the same, it seems reason-
able to assume that the varistion in the pressure over this interval will
also be small. Unfortunately, the very physical nature of the process
makes it difficult to keep the pressure constant over the entire interval.
At the start of the lsunching cycle, the veloeity of the pump piston is
high while the velocity at which the helium flows out of the pump tube is
low., At the end of the launching cycle, the state of affairs is just
reversed; the velocity of the pump piston is low and the flow velocity of
the helium is high. Consequently, the pressure rises too high at the
start of the launching cycle and falls too low st its end. In practice,
the velocity and mass of the pump piston are adjusted so that the pressure
remains roughly constant during the first part of the launching cycle.

The fall-off in pressure toward the end of the cycle actually causes Very
little loss in muzzle velocity,

The first part of the launching cycle is the important part insofar
as the muzzle velocity is concerned, and, since it is possible to hold the
pressure approximately constant over this part, the anslysis will be based
on the assumption of constant pressure in the pump tube throughout the
lsunching cycle. In concert with the assumption of constant pressure it
will also be assumed that the velocity of flow of helium out of the pump
tube is also constant during the launching cycle. This second assumption
is a very rough epproximetion indeed to the actual physical situation, and
the results of the analysis sre somewhat in error as a consequence, For-
tunately, it is possible to use the results of the analysis in such a
manner that the errors introduced by these assumptions are compensated for
to a large extent. The over-all result is that the measured performance
is found to agree satisfactorily with that predicted.

The first two assumptions on which the anslysis is based may be sum-
marized as follows: :

1. The pressure in the pump tube is constant during the launching
cycle.

2. The velocity of the helium flowing out of .the pump tube into the
launch tube springs immediately to the local speed of sound at the
entrance of the lsunch tube and remsins at this value throughout the
launching cycle. .

The physicel model underlying the flow of helium from pump to lsunch
tube 1s assumed to consist of a sequence of two events: (1) The projectile
accelerates to the sonic velocity of the helium in a negligibly short time;
(2) the helium flows into the launch tube starting immediately at the

»
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steady-state value, the local veloclty of sound, and continues to flow
into the entrance of the launch tube at this value throughout the launch-
ing cycle.

The assumption of steady-state sonic flow into the entrance of the
launch tube effectively seperates the pumping cycle from the launching
cycle, just as the sonic flow in the throat of a wind tunnel prevents
conditions in the supersonic flow downstream of the throat from affecting
the subsonic flow upetream, This situation is a marked simplification
over the normal interior ballistiec problem in which the volume opened up
by the movement of the projectlile has a strong influence over the pressure-
time history. The only connection between launching and pumping cycles is
through the time %y that the pump 1s called upon to supply flow to the
launcher, and in practice the two cycles msy be analyzed independently.

Three other assumptions are made in analyzing the flow of gases in
both pumping and launching cycles:

3. The equations of state involved are assumed to be those of perfect
gases,

k., A1l thermodynsmic processes sre assumed to take place adisbati-
cally and isentropically.

5. The pressures of the powder gas and of the hellum are assumed to
be constant throughout thelr reepective volumes at any instant of
time, although these pressures may vary with time (i.e., P and p

are functions of t only).

Undoubtedly, these condltions only spproximate the true physical
processes takling place. The covolume of the helium has been neglected in
the equation of state. ©Shock waves set up in the compression stroke, hest
logs to the pump and launch tubes, and gkin friction of the helium flow
are all ignored. On the other hand, the temperature of the helium
increases along with its density as it is compressed, so the covoliume
effects may not be too serious; the velocitlies involved in the compression
are low compared to the speed of sound in the helium (and in the powder
gas, which drives the pump piston); studies made in references 12, 13, and
1k suggest that the losses involved in heat transfer to the tubes and in
skin friction are negligible compared to the primary changes of energy
taking place in the very short times of the pumping and launching cycles.
It is believed that these assumptions are consistent with the level of
engineering spproximation expected from the complete analysis.

Two further approximstions of importance are made: -

6. The friction between the projectile and the launch tube is neg-
lected.
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T. The launch tube 1s assumed to be evacuated ahead of the projec-
tile.

The bore friction in many guns significantly decreases the muzzle
veloclty. However, nylon is used as the sabot material in the gun
developed at Ames and its bore friction is sc small, based on other testis
at this laboratory, that the retardation accumlated over the L-foot
length of launch tube 1s believed to be very small. The reegistance of
the air ahead of the projectile is an important factor in many guns, and
the present gun is no exception in this regard. The acceleration of the
projectlle is so rapid that a shock wave forms in the air in the bore
shortly ahead of the projectile and creates a back pressure which opposes
the driving pressure of the propellant gases. In practice the problem
is avoided by evacusting the launch tube and hence eliminating the air
resistance, The effects of bore friction and air resistance are discussed
further in Appendix A.

Launching Cycle

In starting the analysis of the lsunching cycle, one should recall the
first assumption of the preceding section; namely, that the motion of the
pump piston is adjusted to hold the pressure of the helium in the pump tube
gpproximetely constant during the lasunching cycle. The pump tube is
related to the launch tube as the chamber of a conventional gun is related
to the bore of the gun tube, and the maintenance of constant pressure cor-
responds to the chamber having infinite cross-sectional area and volume.
Consequently, the analysils of the launching cycle is, in essence, the
analysis of the flow of gas in a gun with an infinite chamber.

The interior balllstics of the infinite-chamber gun have been studied
in detail. A method of computation has been worked out based on the well-
known method of characteristics (see ref, 15), and excellent agreement
has been obtained with experiment. However, the method requires rather
lengthy numerical calculations, and a simpler formulation of the ballistics
was sought. The problem was discussed with ballisticians? at the U, S. _
Navael Ordnance LaboFatory and they suggested that the analysis be based
on the ballistics of & gun having a chanber of bore diameter and infinite
length, rather than infinite diameter and infinite volume., The muzzle
velocitles thus obteined can be corrected to the true conditions of
"chamberage" > through multiplication by & constant factor.

4The authors are indebted to the steff of the Hyperballistics Divi-
gion of the, Aeroballistics Research Department, end in particuler to
Dr. A, E. Seigel of this division, for their assistance in this phase of
the analysis.

S"Chamberage” 18 a ballistic term and ordinerily refers to the reduc-
tion in ares from the chamber to the bore of the gun., If the chamber has
the same diameter as the bore, the gun is said to have no chambersge,
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In accordance with the NOL suggestion, the analysis of the launching
cycle 1s carrled out with the pump tube replaced by an infinitely long
tube having the same bore diameter as the launch tube. The helium in this
tube is assumed to have the same pressure, density, and tempersture at the
start of the launching cycle as in the pump tube (l.e., Do, ps, and Tp).
The situation i1s portrayed in the following sketeh. The modifications of

z Expansion wovec‘

Vacuum

Assumed chamber

Position of ﬁrojecﬁle before releas _/
Actual chamber

Sketch (f)

the analysis which are needed to account for the effects of chamberage
are discussed in Appendix B.

The launching cycle starts with the shear disk rupturing and releasing
the projectile. The chamber behind the projectile is assumed to be f£illed
with helium at rest at pressure Py, density p,, and speed of sound s&s.
The bore shead of the projectile is evacuated. The projectile is acceler-
ated by the pressure® at its base, Py, and starts to move., As it moves
with ever increasing velocity, it sends out expension waves into the helium
which decrease the pressure at its base, The trade of pressure for veloc-
ity is determined by the acoustic impedance ps, that is

dp = - pa du | BN EN

For the particular circumstances assumed to exist here, the pressure &t
the projectile's base is always related to the projectile's veloclty by

the following equation (see refs. 12 through 15):
Ug + 0g = 0Ug (2)

where o 1s the Riemaenn function, defined by

8The subscript s designates conditions at the base of the projec-
tile. The letter is derived fram the British term for projectile, “shot,"
and is used to avoid confusion wlth the subscript p which designates
conditions in the pump tube,




22 NACA TN 41k3
b
([ %) @
ps. entropy=constant

Since the entire flow is isentropic, o is given by

6 =—2— a (%)

and the pressure ratio p/po is given by the Riemann function ratioc
o/co as follows: '
27

l=<i—:1 (5)

Oo

If two new symbols are introduced, as defined by the following equations

.2
%o ] 8o
(6)
6 = 22
7y -1

and dimensionless notation? is introduced, as defined in the list of
symbols, with the dimensionless gquantity denoted by a bar over the quan-
tity, equation (2) becomes

Ug + 0g = 1 ' (7)

and equation (5) becomes

Pg = 5sP (8)

where the initial conditions are given by

TThe notation for dimensionless quantities used herein is similar
to that in reference 1k,
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L } ) (9)
tO = Z¢o 1150 =0 pso = o‘so =1
and hence the limits of Uy and D, are
0<Gg <1 129520

Tt should be noted that the differential equations defining the
dimensionlese and dimensional velocities are the same; namely,

Ug = (10)

Bl

The acceleration of the projectlile is related to the pressure acting
on its base by
dug
—— =D 11
3 s (11)

If equations (7) and (8) are substituted into equation (11) and the
resulting equation is integrated, one obtains the following equation for
distance and velocity

2 -
- (1 -
2 ¥+l 7 + 1
- -1
the following equation for veloecity and time
et
- 7+l-) 7+1
ug = 1 -1 +-°2—=t 1
s <- o (13)

and the following equation for distance and time
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2
: 7+1
- _ =1 2 = <‘ 7+ 1 )
= 1 t-(1 14
z 5 + — + L= —— (1)

The muzzle vélocity, ﬁSL’ is given by equation (12) and the time

of traverse of the launch tube, by, by equation (14%) with Z set equal
to its value at the muzzle, that is with Z = Zp = p,SL/mgac®. Graphs
of G(Z) from equation (12) and of I(z) from equation (14) are shown
in figures T and 8. These graphs are the interior ballistic charts and
will be referred to as such in the remsinder of the analysis.

Pumping Cycle

Two requirements heve aslready been imposed on the pumping cycle,
namely (reference is made to sketch (g) below),

(1) The helium must be compressed to a specified pressure, D,.

(2) The pump piston muet move the correct distance (x5 - x3), to
meintain a constant pump-tube pressure, p,, during the time of the
launching cycle, ty. '

Two additional requirements will now be imposed on the pumping cycle,
namely,

(3) The pump piston shall complete its compression stroke and shall
come to rest at position xs Just as the projectile leaves the muzzle

a:‘t -time tL . J

(4} A buffer of gas of prescribed length, xs, shall remain in the
pump tube at the end of the compression stroke.

Condition (3) insures that the kinetic energy of the pump piston i1s
completely used up in compressing the helium and that the piston has no
forward motion after it has done its work of maintaining the pump
pressure constant during the launching cycle. After the compression
stroke is completed, the piston 1s driven back down the pump tube and
out of the valve tube by the buffer of helium. Condition (&) is purely
a safety factor to protect the breech of the launch tube from being
rammed by the pump piston before it 1s completely stopped by the helium
pressure. " It is the design feature included to account for the approxi-
mations of the analysis and the faults of the operaticn. In the inltial
firing trials, x3 was arbitrarily given the value of 0.2 foot. However,
it should be ncted that the buffer of gas increases -the initial load of
helium and hence falls into the category of a necessary evil, As the gun
is used and its actual performance becomes better known, the length of the
buffer should be reduced accordingly.
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The following sketch portrays the sequence of events taking place
during the pumping cyclee. Position 1 marks the start of the pumping

i sesune ter
3 .se r’
H Py it e
YY) Segtas e
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l—lf X, o _Jii
—I t e rres
Xy EXL]
tr e 2y
IIIPII
frepde
sg e LR NN
Position 1 treists

Pogition 3

Sketeh (g)

eycle. Position 2 marks the start of the launching cycle; that is, the
position of the pump plston when the helium pressure has just reached the
design value, pp, and the shear disk has just ruptured releasing the pro-
Jjectile., Position 3 marks the end of both pumping and launching cycles;
that is, the stop position of the plston at the end of the compression
stroke and the ‘time when the projectile leaves the launch tube.

The requirements imposed on the pumping cycle determine the loading
conditions of the gun. By the loading conditions one means the shear-disk
thickness, the initial helium pressure, the pump piston mass, and the pow-
der charge. These conditions are uniquely determined by the mass of the
projectile and the launch velocity desired. (it is assumed that the dimen-

sions of the gun are fixed).
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The . over-all purpose of the analysis is to ensble one to compute -
the loading conditions which are necessary for the gun to function as '
requlred and to launch a projectile of a given mass at a given veloelty. .
The analysis of the launching cycle has already produced the interior T
ballistic charts (see figs. 7 and 8) and these charts enable one to com-
pute the launching pressure of the helium at the end of the compression
stroke, p,, end the time taken by the launching run, tr,, from the projec-
tile mass, mg, and the desired muzzle velocity, ug_. However, this com-
putation requires a value for the speed of sound, as, in the helium in ) -
the pump tube during the launching cycle., Now the quantity, ap, is deter-
mined from the requirements of both launching and pumping cycles teken
together., Clearly, the first step to take’ in the analysis of the pumping
cycle is to determine ap,

The mass of the helium loaded initially into the pump tube is the
quantity connecting the pumping and launching cycles, since this mass must
be sufficient to supply the flow into the launcher during the lesunching
cycle and to provide a buffer remaining in the pump tube at the end of the
compression stroke. The mass of helium flowing into the launch tube dur-
ing the launching cycle is given by

OM = aXp¥Sty (15)

The mass of helium to be delivered by the pump tube, assuming that p,
and p, are constant, 1s given by

&M = App, (%2 - *g) (16)

Equating the two masses and relating quantities in the entrance of the
launch tube to quartities in the pump tube gives -

* *
App, (%2 - x3) = 8205y, o 2= g (17}
2

Consequently, the position of the pump piston at the start of the launch-
ing cycle, xp, is given by

Xp = Xz + ath'ji'—"—— (18)

Now, the ratios a*/ep and p*/p, are functions of the 7 of helium,
since isentropic flow is assumed, according to ' <
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1

Z’—::(y " 1>2 (19)
3

p¥* _ 2 -1

[ <7 ¥ l> (20)

If equations (19) and (20) are substituted into equation (18), the formuls
for =xs becomes

7+l
S 2(y-1)
Xp = X3 + agiy, i <§%%7£> (21)

The compression ratio, xz/xl, is determined by equation (21) once
the initial conditions and a, are specified. On the other hand, a, is
determined by the compression ratio, since the helium is loaded into the
pump tube at room temperature and the compression is assumed to be isen-~
tropic, the formule being :

-1

x 2
as = aﬂgii (22)

Consequently, the relations which must be satisfied simultaneously by ao
are equations (21) and (22) and the interior ballistic charts of figures 7
and 8,

The computation is msde by an iterative procedure. A vealue is assumed
for ap, and xy is computed from equation (21) and the interior bellistic
charts using this assumed value. The value of x> thus obtained is used
to compute & new value of a, from equation (22). This new value is then-
used to recampute X, from equation (21) and the interior ballistic
charts, and the process is repeated. Experience has shown that it is rap-
idly convergent and three or four iterations are sufficient to give as
as accursately as the approximations of the analysis justify.

Once xz has been determined, the initial helium pressure may be
computed using the compression ratio, x2/x1, and the design pressure, Ps,
the formula being

Xo

4
Py = Pz(%z (23)
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The next step in the analysis 1s to determine two quantities:
(1) the mass of the pump piston; (2) the velocity required of the pump
plston at position x5 so that it will hold the mean pressure constant
during the launching cycle and come to rest at position =xs at precisely
time ty,, the end of the launching run. The velocity up 1s related to
the distance x by

up = - g—’-; : | (2h)

The piston is decelersted by the differential in pressure (p - P). Now,
p is assumed to be constant over the interval 2 - 3 and P 1is nearly

constant also, since the volume opened up by the piston in this interval
“is small compared to the total volume occupied by the powder gas at this
time, Consequently, the differential in pressure may be taken to be the
constant value (p2 - Py), and the deceleration 1s also constant, accord-

ing to

a
mp 2 = - Ap(p, - P2) : (25)

The piston stops at position 3; hence, the boundary conditions aere

(1) at x = x5

up = upz, t =0
(26)

(2) at x = xs3

Up = Up, = 0, t = %

The velocity, up,, is determined from the first integral of equation (25)
end the boundary conditions given by equations (26), as follows:

Ap(p, - P2)tL,
U.p =
2 mp

(27)

The mass, myp, is determined from the second integral of equation (25) and
the boundary conditions of equations (26) and (27) as Pollows:

_ Ap(Pz - Pz)(t]'_,)z

2(xo - xs) (28)

np

A11 of the quantities in equations (27) and (28) are known at this point
except the pressure of the powder gas, P,. However, P, 1is an order of
magnitude smaller than p, and may be neglected in meking the initial
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calculations of upz and myp. If subsequent calculations indicate that

Py 1s more then a few percent of p_, it may be included in the computa-
tion of uP2 and mp &s an iterative correction.

The finel step of the analysis is to determine the correct powder
charge which will give the pump piston of mass mp the velocity Up, at
Xp specified by equation (27). A fairly fast powder (e.g., IMR 4227) is
used, and, in order to simplify the analysis, it is assumed that the pow-
der burns completely before the pump and valve pistons have moved an
appreciable distance. Consequently, the powder is assumed to burn in a
closed chamber, and the pressure of the powder gas at the end of burning
is given by its equation of state

Pv = RT (29)

Powder burns at practically constant temperature Independent of the pres-
sure and hence RT 1is a constant for any particular powder. The quantlty
RT is called the force constant of the powder; & typlcal value is

70 long tons/sq in. X cc/gram (see Chapter Three: "The Thermochemistry of
Propellants” of ref. 11). Once P, is known, the powder charge may be
computed from

P,U

£ (30)

e =

The experiments have shown that the agsumption of instantanecus burn-
ing is not too good an approximation by itself. The pistons move an
apprecisble distance in the time of burning, and, furthermore, the force
constant, RT, and the ratio of specific heats of the powder gas I' are
customarily considered to be empirical constents which must be evaluated
for the particular circumstances of each firing. It is standard practice
to calibrate the powder under the actusl conditions of firing rather than
in & closed chamber. In the present gun the essentlal operation requlred of
the powder is to propel the pump piston to the veloecity Uy, at preclsely
the position xp. The calibration follows standard practice and is based
on & measured veloclty corresponding to up rather than on a measurement

of the peak powder pressure, which would correspond to P;. The calibra-
tion ig carried out under conditions simulating as closely as possible
the actual compression stroke. The procedure followed and the method of
applying the results to the analysis of the pumping cycle are described
at the end of this section.

The pumping cycle starts with the ignition of the powder in the powder
chamber. Since the powder is assumed to burn instantaneously, the chamber
is assumed to be filled at the stert of the cycle with a gas at pressure
P; and having a ratio of specific heats, I'. The gas expands isentrop-
lcally, driving the pump and valve pistons in opposite directions. The
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motion of the pump piston is opposed by the helium pressure, p. The valve
piston acts against the pressure of the air in the bore of the valve ‘tube;
but, since the veldcity of the valve piston is less than the speed of sound
in air, this resistance may be safely neglected compared wilth the driving
force of the powder gas pressure. The equation for the acceleration of

the pump piston 1s

d - - - - - .
mp =2 = Ap(P - P) (31)

It is more convenilent to take the distance x +that the pump piston moves
rather than time as the independent varlsble since the problem centers on
the value of the piston velocity at the particular distance xp. The
trensformation from time to distance is given by

ke o - (32)

and equation (31) becomes

du
mpup E{E = - Ap(P '--P) (33)

The helium pressure, p, is a function of the dlstance moved by the pump
piston, according to .

V4
x
p = pl<—x—l (34)
The powder gas pressure is a function of the, distances moved by the valve

and pump pistons, according to }
U)P
P =Pq=
1<V (35)

where V “ig given by
V =U + Ap(xy - X) + Avy (36)

The analysis is complicated by the introduction of the new variable,
y, the distance moved by the valve piston, and 1t is necessary 0 find a
relstion between x and y in order to solve the problem, An exact equa-
tion giving y as & function of x would be difficult to derive in e
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convenient form; but, fortunately, a study of the physical situation
suggests that en spproximate equation may be entirely adequate. At the
gtart of the cycle the helium pressure, p, is much smaller than the pow-
der gas pressure, P, and may be neglected in solving for the motion of

the valve and pump pistons. Near the end of the pumping cycle the motion
of the valve piston is relatively independent of the motion of the pump
piston, In addition, the volume opened up by the motions of the pump and
valve pistons during this psrt of the cycle is smsll compared to the tobtal
volume of the powder gas (at this time), so that errors in the motion of
the valve piston will have little effect on the powder gas pressure. As

a result, the motion of the valve piston may be related with sufficient
accuracy to that of the pump piston by neglecting the action of the helium
in retarding the latter. Since the same pressure, P, accelerates both
pistons if the helium pressure, p, is neglected, their motions are related

by

A
y=§§A—;j (x1 - x) (37)

The volume of the powder gases may now be glven as a funetion of the
distance traveled by the pump piston only, by substituting equation (37)
into equation (36), as follows:

V=U|:l+n< -2)] (38)

where the presentation 1s msde more succinet by introducing e new constant

which is defined by
c = + ._v. —

Finally, one obtains the following equation for the powder gas pressure
by substituting equation (38) in equation (35)

P = Fa (10)

beda-2)]

Since p end P are given as functions of x by equations (3%) and
(40), equation (33) may be integrated to obtain up, &8t Xp. The quantity
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desired is P, since all other quantities are specified to a first
approximation at this point, and the integral of equation'(33) written
in this form is as follows: -

e 2 B T} o

ey

The use of equetion (41) involves three guantlitles whose values have
not been specified previously, namely, I', Av/Ap, and mv/mp. A value of
l.3 was selected for I' after a study of reference 1l. The value of
AV/AP is 1.09 in the present gun. The valve pistons were arbitrarily
made 3,15 times heavier then the pump pistons so that mv/mp = 3415« The
mase of the valve piston should be sdjusted to keep the valve tube closed
during the pumping stroke of the pump piston and to open it just after the
stroke is completed, but the exact value is not eritical. A preliminary
analysis indicated that a mass ratioc of 3.15 would work satisfectorily,
and subsequent tests bore out this prediction.

The values of mp snd up, used in equation (41) were obtained from

equations (27) and (28), neglecting the quantity P,, and it may be desir-
gble to repeat the calculation at this stage including the value of Po.
Since the compression is assumed isentropig, P, may be computed from P,
and the compression ratio x,/x, as follows: '

=

If P, is appreciable compared to p,, it should be treated as an ltera-
tive correction to mp, Up, and P,

(k2)

Pz =

This step of the analysis could be concluded by computing the powder
charge from equation (30), but, 28 mentioned previously, it has been found
that closed-chanmber calibrations do not predict satisfeactorily the per-
formance of the powder in actual gun firings (e.g., see Chapter Two: "Gun
Propellants” of ref. 11). The calibration should duplicate as closely as
possible the conditione under which the powder operates. In the light-gas
gun the esgentisl function of the powder is to ilmpart a specified veloc-
ity, up_, to a piston of given mass, mp, at a particular position, X e

Now, if the lsunch tube and coupling were removed from the end of the pump
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tube and the pump piston were fired from the open-ended pump tube as a
projectile is fired from a conventional gun, the powder charge correspond-
ing to P, would give the piston a certain velocity uPL at the muzzle

of the open pump tube. If the value of uPL is determined by an snalysis

similsr to that which has already been carried out for the compression
stroke, the uPL corresponding to P; will be given by

_ﬂlﬁ?l_[ R S
Upp” = mpC(T - 1) YT c)P-l:l (+3)

where the factor C 1is defined by the equation

c=5%@[1+%@—;ﬂ (4h)

(It should be noted that, in general, ¢ will differ numerically from
C because x,; dJdiffers from Lp due to the lengths of the pump piston
and the coupling.) The quantity uPL cen serve to calibrate the powder

equally as well as the quantity P;, and represents much more closely the
performance expected of the powder than the closed-chamber pressure, Pi.

The powder is calibrated by firing the gun with the pump tube open;
that is, with the coupling and launch tube removed, as postulated above.
(The valve tube remains in position, of course, and the valve piston is
launched simultaneocusly with the pump piston so that the volume opened up
by the movement of the pistons in the calibration firing simulates as
closely as possible the volume opened up during the compression stroke.)
The masses of the pump piston and powder charge are both varied system-
atically and the muzzle velocity is measured. The results of the cali-
bration are plotted as a graph of Up_ ~ Versus mg with mp as a
parameter (see fig. 9). L

In utilizing the powder calibration, the quantity P; is computed
as one of the parameters in the over-all performance reguired of the gun.
The quantity upL is computed from equation (43) using this value of Pj.

The powder charge is read from the calibration chart using the values of
uPL and. mp. Thus the last quantity required for the pumping cycle is

determined by this procedure,
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Performance Charts

The preceding analysis is summarized in a set of four performance
cherts which are shown in figures 10, 11, 12, and 13. The usual problem
of operating the gun may be stated as follows: Given the projectile mass
and the muzzle veloelty desired, determine the initial helium pressure,
the mass of the pump piston, the powder charge, and the shear-disk thick-
ness., Accordingly, one enters the chart of figure 10 with usy, and mg
and determines o 'The loading conditions Py, Dp, and m, are given by
the charts of figures 11, 12, and 13 using mg and the value of p, Just
obtained. The quentity p, also determines the thickness of the shesar
disk (see fig. 6). However, it will be recalled that the central plug
sheared out of the shear disk on the release of the projectile travels
with the proJjectile and, hence, its mass must be added into the projec-
tile's mass. Consequently, seversl iterations may be necessary in order
to obtain a firm value of mg and, in turn, the loading conditions.

The performance charts may be sald to represent an ideal operating
cycle of the gun, and two modifications should be made in their uee in
order to account for the approximaetions of the anslysis, The actual
muzzle veloclity desired of the projectile should be reduced in determin-
ing the uSL of the charts to account for the effects of chamberage.

The p, used in charts of figures 11, 12, and 13 should be diminished
from the rupture pressure of the shear disk given by the chart of fig-
ure 10 1n order to compensate for override of the pressure in the pump
tube during the first part of the launching cyecle. These changes are
discussed in detail in Appendix B. They are pointed out in this section
on the use of the operating charts since they must be teken into account
1f one is to predict accurately the real performsnce of the light-ges gune.
The modificatlons may be summarized succinctly in the following two rules
on the use of the charts:

1. Take usL as 0,9 times the desired mugzle velocity to enter the
chart of figure 10.

2, Take Pop = PoR ~ 10,000 psi.

In order to clarify the use of the performance charts, the pressure Ps
of the chart of figure 10 is designated by p,gp and the pressure p, of
the charts of figures 11, 12, and 13 is designated by bp,p.

The performance charts of thls report are based on the use of helium.
On the other hand, the reader may wish to evaluate the performence of a
similar gun using hydrogen or some other gas as the light gae. Perhaps
he may wieh tc explore the possibilities of & larger light-gas gun or
one of different proportions. In order to assist him in this task the
analysis has been summarized in & computing procedure in Appendix C, This
procedure gives him s step-by-step account of the computations he must
perform in order to determine the performance of his light-gas gun,
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FIRING TRIALS

Caelibrations

Before the gun could be fired, it was necessary to calibrate (1) the
rupture strength of the shear disk and (2) the interior ballistics of the
powder charge. The shear disk was calibrated by hydraullc test, as illus-
trated in the following sketch. The cross section of the disk was made

Sketch (h)

as shown in the sketch. The steel ring, which can be seen placed behind
the disk in figure 6, was not present in these tests but was later found
necessary in order to insure clean rupture during actual firing conditions.
The procedure was straightforward; the hydraulic pressure wasg increased
slowly until the disk ruptured. On rupture, a central plug of nearly bore
diameter sheared out cleanly, which, of course, is the type of break that
had been hoped for.

A series of disks were tested with systematically increasing thick-
ness. The results are plotted in figure 14 as a grasph of rupture pressure
against shear-disk thickness. The shear stress at fallure was computed
and is shown as the dashed curve in figure 1h. As can be seen, the shear
stress has a constant value of 10,000 psi up tc & digk thickness of 1/8
inch, after which it increases slowly. The rupture pressure curve of
figure 14 was used throughout the firing trials to compute the thickness
of the shear disk required for rupture at the firing pressure, p,,
specified by the performance chart of figure 10.
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The method of calibraeting the powder has already been described.
The test sebup 1s shown in the following sketche A fine wire grid made

Counterweight

Grid 4 Grid 3 Pump tube == Valve tube Grid 2 Grid |
0
CRO Powder
chamber

1

Counter 3 Counter 2

Counter 4 Counter |

Sketeh (1)

from copper wire 0.002 inch in diemeter weas placed cleose to the muzzle

of the pump tube., A second grid was placed on the trajectory sbout 3—1/2
feet out from the muzzle of the pump tube. Two more grids were similarly
placed adjacent to and ocut from the muzzle of the valve tube. Each of
the grids was connected to the stop gate of .a 1l.6-megacycle counter chron-
ograph., All four cycle counters were started by a signal from a switch
which was closed as the firing pin was struck; each counter was stopped
in turn as one of the plstons perforated the grid connected to it. 1In
addition to the timing records, a piston-type strain gage was placed in
the powder chamber and its outpubt recorded on a cathode ray oscilloscope.

The muzzle velocities of each of the pistons were determined from
the time dlfferences of the counters and the spacings of the grids. The
pleton strain gage was callbrated and the cathode-ray trace gave the time
history of the powder pressure. A typical powder pressure record is shown

In figure 15.

The results of the firings are plotted in figure 9 as curves of
muzzle velocity against powder charge with the mass of the pump piston as
a parsmeter. The individuel points are not shown, but the scatier was
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quite emsll throughout. As mentioned previously, the method of loading
the powder produced consistent, reproducible results.

In this test, the only datum of direct concern to the powder calibra-
tion was the muzzle veloelty of the pump piston., However, the muzzle
velocity of the valve piston and the time history of the powder pressure
gave additional evidence as to whether the powder acted in the way it was
assumed to act in the performance snalysis, It was found that the meas-
ured powder pressure was always lower than the camputed powder pressure,
P,, which indicates that the plstons were accelerated during the burning
of the powder as well as by the expansion of the gases afterwards. This
inference is substantiated by the pressure record of figure 15. An aver-
age figure for the total pumping time is 10 milliseconds, and it is evident
that the burning of the powder as shown by the rise time of the pressure
takes an appreciable fraction of this interval.

A further check on the process was made by integrating the powder
pressure curve to obtain the muzzle velocity of the valve piston, assuming
that the pressure was constant throughout chember, pump, and valve tubes,
as in the performance angslysis. The computed velocity was 476 ft/sec
which asgrees favorsbly with the measured velue of 484k Pt/sec. Here also
the validity of the assumptions on which the performance is based is borne
out by the results of the tests.

Experimental Apparatus and Measurements

The experimental setup which was used in carrying out the firing
trials is shown in figure 16. Gages were placed in the gun to record
pressures. Chronographs were used to time the motion of the projectile
along its trajectory. Although the primary interest was in the gun's per-
formance, the flight was recorded by a spark station and two still cameras.

Two types of pressure geges were used: (1) a special adaption of the
standard copper crusher gsge (see section 81 of ref. 16, "The Crusher
Gage"); (2) the piston strain gaege developed at the Ames Leboratory
(ref. 17). The gages were used in parallel and served to check each other,
although 1t should be noted that the piston strain gage gives a complete
history of the variation of pressure with time while the crusher gage
records only the peak pressure. The output of each piston strain gage was
recorded on & casthode-ray oscilloscope. The gage was first calibrated on
a8 dead-weight testing mschine to determine its gage factor. The over-all
response of the gage-oscilloscope circuit was then calibrated by shunting
the gage with a known resistance and noting the deflection of the cathode-
ray beam. The crusher gege measures the pressure through the permanent
deformation of a small copper cylinder. These deformations were meas-
ured by micrometer measurement of the cylinders before and after test and
were converted to pressures by a tarage teble furnished with the copper
cylinders.
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One pair of gages was placed in the powder chamber to record the
powder pressure., A second pair of gages was placed in the coupling at
the high-pressure end of the pump tube to record the helium pressure at
this point, Actually, the second pelr consisted of one piston strain
. gage and two crusher gages, since it is customary to use two copper
crusher gages for each measurement in order to minimize the errors inher-
ent in this instrument. Also, the ocutput of the piston strain gage at
the coupling was recorded by two oscilloscopes, one with a relatively
slow sweep rate to give the complete pressure history and the other with
a relatively fast sweep rate to glve a detalled record of the pressure
variation in the pump tube during the lsunching cycle.

A photograph of the three oscilloscope records for a representative
round (round number 10) is shown in figure 17. All traces sweep from
left to right., The traces for the powder pressure and slow sweep helium
pressure were started by a slgnel from the switch on the firing pin, and
it is interesting to note that an apprecisble delay occurs between the
time the firing pin is struck and the time the gas pressure from the com-
bustion of the powder starts to rise. The trace for the fast sweep helium
pressure was. triggered by an internsl signal and started when the pressure
reached a certain value (a few thousand psi). This record contains a
small amplitude, high-frequency osclillation superimposed on the main pres-
sure variation, but this secondary oscillation should be disregerded in
interpreting the record. It 1s belleved that the secondary oscillsation
comes from a mechanlical resonance of the gage itself and 1s not due to
an oscillation in the helium pressure, since the frequency esgrees with
that computed from the dimensions of the gage. It is felt that an improved
design of gage would have given a record free from this secondary oscilla-~
tion. Desplte this difficulty, calibrations before and after pressure
measurements and agreement between independent gages measuring the same
pressure indicate that the accuracy of the gage records is 5 percent or
better,

The flight of the proJectile was timed by the same method used in the
powder calibration firings., Fine wire grids were placed at the muzzle of
the gun, at the exit port of the vacuum tank, and on the trajectory 2 feet
out in the room from the tank, Each grid was connected to the stop cir-
cuit of & 1,6 megacycle counter chronograph. All counters were started
by a signal from the firing pin switch and were stopped successively as
the projectile broke each grid in turn., The exit port of the vecuum tank
was sealed by a thin cellophane disphragm and the tank and launch tube
were evacuated before firing. Consequently, the projectile traversed the
tank in a nesr vacuum and the muzzle velocity was computed directly from
the time difference across the tank, since its reterdation in the vacuum
tank was negligibly small., The accuracy with which the velocity is meas-
ured is better than 1 percent. After perforsting the diaphrasgm at the
exit port, the projectile traversed the next timed interval through the
alr of the open room, and its retardation was substantial. As a result,
the veloclty computed from the time difference across this second interval
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was considerably lower than the veloecity across the vacuum tank, However,
it should not be concluded that the decrease in the velocity over the
second interval is a correct measure of the retardation of the projectlile
as Tired from the gun, Impact with grids and diasphragm have fragmented
the nylon portion, and, hence, the retardation over the second interval
is representative of a group of small fragments flying close together
(similar to a shotgun charge) rather than the projectile flying as a
structurally sound unit. Consequently, the velocity from the second
interval served melnly as a check on the tank veloclty.

A spark photography station was located st the position of the third
grid, 2 feet out from the vacuum tank, Referring to figure 16, one sees
the spark located on one side of the trajectory and the photographic plate
placed opposite. In the actual setup the line from spark to film was
approximately horizontal and the two were positioned about 2 feet away
from the trajectory on opposite sides, The spark was triggered by a sig-
nal from the third grid and recorded a silhouette of the projectile after
1t had passed a fraction of an inch or so beyond the grid. A typical
spark photograph (round number 3) is shown in figure 18. The projectile
has been partly broken up by impacts with the three wire grids and the
cellophane diaphrasgm, and the silhouettes of the main projectile and the
Pragments surrounding it are clearly evident. The heavy lines and the
fillgree patterns sweeping back from the projectile and its fragments trace
out the shock waves and wakes, the disturbances in the surrounding eir that
characterize flight at supersonic speeds. The dark vertical lines are the
shadows of the grid wires.

The projectile traversed some 10 feet of open alr in the firing range
before being stopped by a butt, Ite flight path was recorded by two still
camereas, one placed near the butt facing along the flight path toward the
gun and the other placed near the spark unit facing across the flight path
toward the photogrephic plate. The significance of the camera records is
perhaps best explained by describing the procedure followed in operating
the photographic apparatus, Before a round was fired, the range was dark-
ened. The film was placed in the spark station and the shutters of the
cameras were opened, The round was then fired. Next, the film of the
apark station was removed and the shutters of the cameras were closed.
After these operations were completed, the range was lighted again. Con-
sequently, any light that appears on the camers records must have been
generated during the flight of the projectile. Examples of these camers
records will be described subsequently.

One additional measurement not indicated in Ffigure 16 was made during
the firing. A rough indication was obtained of the stop position of the
punp piston as it completes its compression stroke and reverses direction.
On the first three rounds small pieces of scotch tape 1/16 inch square
were stuck to the surface of the bore of the pump tube. They were placed
in a 1ine slong the length of the bore sbout l/h inch apart and covered
the last 4 inches of the pump tube at its high-pressure end (extending into
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the coupling; see fig, 6). The piston scraped off those pieces encountered
in the length of its stroke., The pieces located beyond the excursion of
the piston were untouched, although & trifle scorched by the hot helium,
Thus, the pieces remalning recorded the forwardmost position of the piston
to within 1/% inch.

On each of these rounds it was noticed that the plston's stop posi-
tion was marked by a ring around the bore which seemed to be caused by a
thin deposit of some dark substance on the surface of the bore. It was
thought that the heat of compression evaporated a small smount of nylon
from the exposed face of the shear disk which decomposed and deposited
itself on the bore surface. However, the piston scraped off this deposit
during its forward stroke, and, although a little more may have been
deposited on the return stroke, the contrast between the heavy and light
deposits genersted the ring. The occurrence of the ring at the stop posi-
tion as determined by the scotch tape suggested that the ring itself would
be adequate for this record, although, in the authors' opinion, this ring
is not 80 relisble an indication of the stop position of the plston as the
scotch tape. Nevertheless, the ring was used to indicate the stop posi-
tion on all subsequent rounds, since considerable care was required to
place the scotch tape properly and time was a factor in carrying out the
firing trials due to the press of other tests for the use of the firing

range, -
Chronological Account of the Firings

The analysis gave a certain degree of confidence in the performance
expected of the gun. Nevertheless, it seemed prudent to start the trials
with & low helium pressure, p,, and to inerease this value gradually to
the maximum pressure that the strength of the gun would allow; also, the
loading conditions were not adjusted to minimize the pressure override on
the first five rounds, The possibility of the override was recognized
from the start, of course, but it was believed desirable to establish its
magnitude experimentally before attempting a correction. Accordingly, the
first round was loasded for & p,p of 20, 000 psi. The projectile was a
nylon proof slug 2 calibers long weighing 0.31 gram (including the cen-
tral plug sheared out of the disk) and the veloclty predlcted was
8,700 f£t/sec (without.correction for chamberege).

The first round® was perhaps typical of first rounds in that slmost
none of the electronic insitrumentation functioned properly. Consequently,
no veloecity records or piston-strain-gage pressure records were obtalned
and the spark was not triggered at the right time to silhouette the pro-
jectile. On the other hand, the copper criusher measurement of the peak

8The reader may be assisted in following the chronological account
of the firings presented in this section by making reference to teble IT,

which summerizes the results of the -firing trials.
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helium pressure and scotch tepe record of the stop position of the pump
piston showed that the gun had functioned very much as expected. Also,
the still-camera photographs showed a bright stresk slong the trajeciory.
The results of this first round were encouraging, to say the least.

The second round wes a repeat of the first., This time the electronic
instrumentation functioned satisfactorily and the records of this round
gave the Pirst real confirmation that the gun functioned successfully.

The peak helium pressure was 29,000 psi, a value that one might expect
due to the pressure override, The muzzle velocity was 9,870 ft/sec. The
increase over the predicted velocity is about right to account for the
effects of chesmberage. The spark station operated at the right time; how-
ever, the spark photograph showed that the nylon slug had been fragmented
by its successive impacts with grids and diaphragms, Agein the pump pis-
ton stopped and reversed 1ts direction close to the design position xa,
and the still-camers records showed stresks of light along the trajectory.

An unexpected Ffesture of the performence was disclosed by these first
two rounds, which proved to be characteristic of all the rounds, with only
one exception., The pump piston came to rest in the pump tube Instead of
crossing the T-connector and leaving the gun via the valve tube. Its rest
position varied from round to round and in some rounds the piston was
found in the coupling adjacent to the shear disk., On the other hand,
there was no evidence that the piston had struck the end of the tube (the
face of the shear disk) with any appreciable force. It is surmised that
the balance between the helium buffer, the powder pressure, and the valve
piston timing is such that the plston is stopped on its return stroke by
the residusl pressure of the powder gases and elther stopped somewhere
along the length of the pump tube or shoved slowly back up the tube into
the coupling. Actually, the termination of the pumping cycle in this
menner did not impair the gun's performence in any way, although & return
of the piston all the way into the coupling destroys the scoteh tape
record. of the piston's stop position. If 1t is desired that the pump
piston leave the gun on its return stroke, this action can probably be
achieved by lightening the valve piston so that it opens sooner and
reduces the powder pressure during the return stroke. Under different
circumstances 1t might be desirable to bring the pump piston to rest in
the pump tube, that is, purposefully rather than accidentally as in the
present firings. This performance can undoubtedly be realized by the
correct balance between powder charge, valve action, and helium buffer.

In fact it might be possible to replace the valve tube and valve piston
altogether by a nozzle, and to design the pump so that it will function
in & mamner similer to & recollless gun, thereby eliminating the necessity
of stopping pistons fired to the rear. If a military weapon were ever
designed around the principle of the light-gas gun, this modification
would surely enhance its utility.

The next three rounds were spenf working out two dlifficulties which
are characteristic of the gun, namely, the shear-disk break and the
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pressure override. The problem of the shear-disk break is 1llustrated

by figure 19. It was found that the original design of shear disk did

not break out cleanly as it had in the hydraulic tests but fragmented all
around the centrel hole leaving a ragged edge, as may be seen in the top
photograph of this figure (the shear disk from round number 3). Whenever
this type of bresk occurred, the muzzle velocity wes less than the theo-
retical value, that is, less than the velocity predicted by the analysis
incressed by 10 percent to account for the effect of chamberasge. The
cause of the loss in velocity is not known, but it is suspected that the
£low of helium in the lsunch tube 1s impeded by the fragments which have
broken away from the edges of the hole. ILooking at the phencmena fram
another standpoint, one might say that part of the energy of the propellant
geses has gone into the acceleration of the fragments instead of the pro-
jectile. In any case, it is necessary to design the shear disk so that

it will rupture cleanly if the full potential of the gun is to be realized.

At first it was thought that the entire projectile might have frac-
tured upon rupture of the shear disk instead of being broken by impact
with the grids and disphrasgm (see fig. 18, which is the spark photograph
for round number 3). To test this theory a round (number 4) was fired
with the grid at the gun muzzle and the grid and diephragm at the tank
port removed. The spark stetion was moved as close as possible to the
tenk port, and its grid was left in place so that a silhouette of the
model would be obtained and thereby determine its condition in flight.

A second grid was placed 2 feet farther along the trajectory from the
spark station for a measurement of the flight velocity. The tank and
launch tube were filled with helium (at atmospheric pressure, of course)
in order to alleviate the effects of air resistance during launching
insofar as possible. The spark photograph of this round is shown in fig-
ure 20. It is evident that the entire projectile consisting of sabot and
central plug is quite intact, has the shape intended, and was not dasmaged
during rupture and leunching, although the shear disk of this round frag-
mented in the same menner a8 the previous rounds, Apperently the central
plug shears out of the disk cleanly, but the region of the disk around the
hole fragments and bresks away afterwards.

This difficulty was cured by placing a steel ring behind the shear
disk, as shown by the sketch in the lower half of figure 19. The ring
presses so firmly against the disk that the interface is effectively
gealed from the helium, Thus the helium pressure squeezes the disk between
the ring and the breech of the launch tube. When it is compressed in this
manner, the disk shears out cleanly and the edges of the hole do not frag-
ment, as cen be seen from the photograph in the lower half of figure 19
(shesr disk from round number 6).

The difficulties associated with the pressure override and the method
of minimizing the override are discussed in Appendix B. The analysis indi-
cates that the override will be relatively ineffective in increasing the
muzzle velocity, but it was thought desirsble to flre one round to test
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this conclusion. In order to exaggerate the override for the round in
guestion, round number 5, the shesr disk was designed to rupture at

20,000 psl but was loaded for a design pressure, P,p, Of k0,000 psi; this
provided a thorough test of the theory. Actually, the pressure rose to a
peek of 56 000 psi or nearly three times the rupture pressure. IFf the
rupture pressure is controlling, the muzzle veloelty should be 9, 600 ft/sec,
but, if the design pressure is controlling, the muzzle veloecity should be
11,700 ft/sec (the chamberage factor was taken to be 1.1l)., The measured
muzzle velocity was 9,000 ft/sec. A comparison of predicted and messured
velocities suggests that the rupture pressure is, in fact, the controlling
gquantity., Unfortunately the experimentael evidence 1s not as clear cut as
desired, since the shear disk ruptured in a ragged hole and the muzzle
velocity was thus lower than i1t would have been with a clean bresk by an
unknown esmount., At best one can ssy that the experimental results tend
to support the contentions of the theory.

The method chosen for minimizing the pressure override wag to reduce
the design pressure, p,p, by 10,000 psi from the shear-disk rupture pres-
sure, p,p, as described in the analysis section and Appendix B. This
modification to the loading was put into effect for all rounds starting
with round 6, with the exception of round number 9. However, a slight
varigtion in carrying out this correction had to be made in loading the
rounds for the firing trials reported herein, The pump and valve pistons
for 811 11 rounds of the shoot had been manufactured before starting the
firings and clrcumstances made it desirable to use these rather than
construct new pistons of a lighter mass. On the other hand, the initial
helium pressure and powder cherge could be varied at will, and, taking
advantage of the parameters at our control, we adopted the following
procedure:

1. The rupture pressure, p,g, of the shear disk was specified in
advance for all of the rounds, since all shear disks had been manu-
factured ahead of time. The muzzle velocity, Ugy s was predicted
from p R and the actual mass of the projectile mg using the
chart o% figure 10.

2. The design pressure, p.p, used in the remaining performsnce
cherts was teken to be (p,g - 10,000 psi).

3. The design pressure, p.p, and the asctual mass of the pump piston,
mp, were used in the chart of figure 12 to determine a fictitious

projectile mass, Ngp.

b, The fictitious projectile mass, Mgp, and the design pressure,
DPop, were used to determine the initial helium pressure, p,, from
the chart of figure 11 and the powder charge, m., from the chart of
figure 13. '
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The effect of this variation in modifying the loading specified by
the performance charts was to reduce the pressure override, as the results
of the remaining rounds will show., However, the velocities were probably
lower than they would have been 1f there had been time to manufacture
lighter pistons., The heavy piston produced the same variation in pressure
as the light piston would have but held the pressure at 1ts peak value
longer, since the fictitious mass was greater than the actual mass and
hence demsnded s longer launching cycle than was actually needed.

Another result of interest came from round 5, in addition to the test
of pressure override, This round differed from all the rest in that the
entire projectile-shear~disk unit was made from a msgnesium alloy. When
the gun was disassenmbled after flring, it was found that a large part of
the shear disk exposed to the hot helium had melted away, This result is
not too surprising if one conslders the high heat conductivity and low
melting point of magnesium alloy. In contrast to the magnesium, the nylon
withstands the exposure to the hot helium probably because its conductiv-
1ty is so low that only a thin layer of the surface ls affected in the
millisecond or so that the temperature is high, despite its relatively
low temperature of decomposition. Molten megnesivm can hardly improve
the propulsive properties of helium, and for this reason, among others,
nylon has been used almost exclusively as the materiasl for ssbots and
shear disks.

The first fully successful round flred at high pressure was round
number 6. The technlques employed in this round have been used in all
subsequent rounds, and so round 6 may be considered to be representative.
The projectile was similar to the proof slugs of the previous rounds with
the difference that a small duraluminum sphere (l/8-inch diameter) was -
seated in the front of the nylon cylinder. Thus the nylon serves as a
sabot in this round and the configuration is similar to that which will
be used in aerodynsmic tests. ) N

The deslgn pressure for loading was h0,000 psi. The rupture pressure
of the shear disk was 50,000 psi. The peak pressure rose to 56,000 psi,
as expected. This result substantiated the procedure for controlling the
pressure override, The pressure records are similar to those shown in
figure 17 for round 10 (the records of round 10 were chosen because the
densities of the negatives were more suitable for illustration). The rup-
ture pressure of the shear disk is marked on the helium pressure record
from the oscilloscope with the fast sweep, and 1t can be seen that the
pressure remained almost constant at this value for 1/3 millisecond (it
will be recalled that the secondary oscillation is believed to be a
mechanical resonance of the gage and not a pressure fluctuation). The
time of the launching cyecle is 1/2 millisecond. Consequently, the pump
plston moved the right distance in the right time to hold the helium pres-
sure in the pump tube at the shear-disk rupture pressure and a little
gbove for two-thirds of the time of the lsunching cycle. Also, the pump
piston stopped and reversed its direction 3 inches from the end of the
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pump tube, Just short of the distance specified in the anelysis of
2-1/2 inches. These results are both in accord with the predictions of
the snalysis.

Two plctures teken by the still camera placed nesr the butt and loock-
ing along the trajectory are shown in figure 21, The picture on the left
wag taken before the round was fired and shows the orientation of the
gpparatus in the field of view., The face and exit port of the vacuum tank
are seen on the right and the framework of the spark station and the ply-
wood surface for mounting the photographic plate, in the center., The pie-
ture on the right was taken during the firing, and it will be recalled
from the description of the firing routine that all of the exposure in
this photograph comes from light generated during the flight of the pro-
jectile (subsequent tests have shown that the vacuum tank contains the
blast of helium from the launch tube and that little light comes froam this
source)., The trajectory of the projectile i1s marked out by a bright
streak, A brilliant burst of light occurs as the projectile impacts the
dizphregm and grid at the tank port and agein as it impacts the grid at
the spark station. The streak persists at full intensity for some 6 feet
from the tank and then fades out toward the end of the trajectory.

The spark photograph of round 6 is shown in figure 22, The dursal
sphere is surrounded by the fragments of the nylon sabot which partly
obscure it, and only the round contour of the sphere's leading surface
can be distinguished from the overlapping shadows cast by sphere and frag-
ments, The fine, dark lines radiating out in front of the sphere are the
wakes of tiny particles of copper coming from the grid wires. The impact
of the projectile with the wire 1s so violent at these speeds that the
wire disintegrates into small particles which are hurled ahead with roughly
twlce the velocity of the projectile itself. It should be noted that this
spark photograph was tasken in the presence of all the light visible in
figure 21, which was bright enough to produce an image in the still camera
record of the spark photogrephic plate itself. Fortunately, the light from
the spark 1s intense and photographically active, since much of it is in
the ultraviolet, and the contrast on the spark photograph is satisfactory
despite the diffuse illumination coming from the light along the trajectory.

The streak photograph suggeste that objects £lying through the air at
speeds above 10,000 ft/sec will be subject to much the same conditions as
meteors entering the earth's atmosphere at velocitles far greater than
this. (Meteor velocities range from 25,000 ft/sec to 240,000 ft/sec; see
refs. 18 and 19.) Their flight will be characterized by high temperatures
and high rates of heating. On the other hand, the evidence from the streak
photographs of the present firing trials may be quite misleasding becsuse
the impacts with the grids and disphrsgm may be the controlling factor in
the phenomena which are observed in these tests., The eritical experiment
will come when the projectile is launched into flight without encountering
any obstacles glong its flight path.
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Eleven rounds in all were fired in the present firing trials, The
gun functloned satisfactorily from round 6 on, with the single exception
of round 9 in which a new design of ring and shear disk was tried that
failed to give a clean break. The pressure was gradually increased until
a peak of 109,000 psi was reached, which is believed to be close to the
meximum pressure that the strength of the gun will allow. On the last
round the projectile's mass was reduced to a minimum by meking the projec-
tile merely the central plug sheared out of the disk. This round gave
the highest veloeity of the test, 15,400 ft/sec.

The firing trials disclosed an important difference in the operating
quality of the light-gas gun from conventional high-veloclty wespons.
Frosion of the bore is characteristic of nearly all high-veloclty guns.
In fact, some high-velocity guns erode so repidly that their useful life
is 1imited to a few rounds. In contrast to the conventional behavior,
the light-gas gun eroded very little. TIts bore was enlarged by 0.0001
inch at the breech of the launch tube, but otherwise the dimensions of
the bores of the pump end launch tubes were unchanged. It is evident,
of course, that the low rate of erosion in the gun greatly enhances 1ts
utility even as a laboratory instrument.

Summary of Results

The resulte of the Ffiring trials are summarized in table II. A study
of the experimentsl data made it clear that the rounds should be dlvided
into two categories, those with clean shear breaks and those with ragged
shear breaks. It is felt that only those rounds with clean shear breaks
are truly representative of the performence which may be expected of the
light-ges gun. Accordingly, only those rounds (2, 6, 7, 8, 10, and 11)
were included in the final anelysis of results which follows.

In the over-all picture of aerodynasmic testing, the baslc funection
of the gun is to launch a given projectile at & specified veloecity. The
criterion for evaluating its performance is thus the comparison of meas-
ured muzzle veloecity with predicted muzzle veloclty for a veriety of
launching conditions. This compsrison is attempted for the limited range
of launching conditions covered in the present firing trials by plotiting
the ratioc of the measured velocity to the predicted veloecity (based on
the shear-disk rupture pressure), um/usL, against the shear-disk rupture

pressure, P,g, in figure 23.2 It can be seen that a ratio of 1.1,

9Tt will be recalled that the shear-disk rupture pressure is deter-
mined by the thickness of the shear disk and the hydraulic calibration
curve of figure 1. The pressure at which the shear disk actually rup-
tured was not measured. Consequently, p,p 18 a design rather than a
measured quentity, and its true velue may differ scmewhat from the value
given in table II and figure 23. Variation in the actual velue of p,gy
from the design value msy sccount for part of the scatter evident in

figure 23.




S

NACA TN A41k3 g

indicated by the dashed line, represents the test data fairly well. Thus
an empirical factor of 1.1 is adequaste to account for the increase in
muzzle velocity due to chamberage and the departures of the actual physical
situation from the physical model assumed. There is some scatter about

the 1.1 line, but the variation in muzzle velocity is probebly small

enough to be acceptable for launching free-flight models.

CONCLUDING REMARKS

The firing trials have demonstrated that the piston compressor type
of light-gas gun is a workable unit, Operating techniques have been
developed which glve reliable results whenever the gun is fired. Good
agreement has been obtained between the predictione of the performance
charts and the experimental datas for all quantitles which were measured.
The erosion of the barrels for the 11 rounds fired has been negligible.
It appears safe to conclude that the gun will be sultable for lasunching
models at high velocity in an serodynamics range.

On the other hand, it may be appropriate to conclude by mentioning
that the development of the gun described in this report was controlled
in part by the availasbility of materials and by a desire to produce a
simple unit which would serve to test the gun's functioning. Compromises
in design were made at some sacrifice in performance and suitability as
& launcher for aercdynemic models., If a new gun were to be constructed,
it would be desirable to redesign, placing proper emphasis on these two
factors of performance and suitebllity rather than building a scaled
replica of the unit described herein.

Furthermore, it should be mentioned that certain pieces of apparatus
auxiliary to the gun must be developed and put into operation before the
gun can be used to launch free-flight models. The flight records of the
present firing trials show clearly that the wire grids must be replaced by
some sensing device such as a photoscreen which does not interfere with the
model's flight., In the same category, some mechsnism must be introduced
to remove the diaphregm at the exit port of the vacuum tank Just prior to
the passage of the projectile through this port. It mey &8lso be desirsble
to take & spark photograph of the projectile before it leaves the vacuum
system in order to establish its struectural integrity Just before it starts
its flight through the air, and also to separate the sabot from the model
in the interval between the gun's muzzle and the exit from the vacuum sys-
tem. However, the development of this asuxiliary equipment, important as
it is, lies beyond the scope of the work reported herein.

Ameg Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., July 11, 1955
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AFPFENDIX A "
EFFRECTS OF ATR RESISTANCE AND BORE FRICTION

The desirability of evacuating the launch tube cen be illustrated by
estlmating the effect of the air resistance on the muzzle velocity of a
typlcal light-welght round. The example chosen 18 & projectile welghing
0.15 gram and fired at a rupture pressure of 50,000 psi (this is the same
example which is illustrated in Appendix B, "Modiflcations to the Per-
formance Charts")., Calculations based on the method of characteristics
show that this round will have & muzzle velocity of 17,000 ft/sec if the
bore 1ls evacusted. On the other hand, if the bore is filled with sir
at ordinary room condlitions, the back pressurel will just balance the
driving pressure at a velocity of 12,000 ft/sec and hence, the muzzle
velocity will be less than this value, Consequently, the air resistance
will reduce the mmzzle velocity of this round by 30 percent or more.

It should also be noted that, in general, the importance of the bore
friction is determined by the length of the gun. If the length is
increased sufficiently, the bore friction will eventually balance the
accelerating force of the propellant even though the gun tube is evacuated.
The balance point will be determined by the value of the friction, and the
smaller the friction the longer the length of gun before the balance point
is reached. Although it is thought that the length of the gun is far
from this balance point, tests will have to be carried out before it is
firmly established that the bore friction can, in fact, be neglected,

IThe back pressure can be estimated from the formula

p = 1.72(u/a)®

where p 18 the back pressure in atmospheres, u 1s the veloeity of the
projectile, and a 18 the veloclty of sound in the undisturbed air. This
formulae 1s accurate to 2 percent for u/a gregter than 5, A general
equation for very high values of u/a 1is

2
2 _ 2y +1) <}_1>
N 2 5

where Po ls the pressure in the bore before firing.
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APPENDIX B

MCDIFICATIONS TO PERFORMANCE CHARTS

Effect of Chambersge on Launching Cycle

The muzzle veloclty, ug_, must be corrected for the effects of cham-

berage because the analysis is based on a bore-dismeter, infinite-length
chamber; whereas, the gun acts as if it had an infinlte-area, infinite-
volume chember, The reduction in area in going fram the chamber to the
gun bore (i.e., the chambersge) generates compression waves, and these
waves act to increase the pressure over that of the simple, constant-area
expansion wave assumed in the analysis, In other words, the actual pres-
sure at the base of the projectile will be higher for each value of the
projectile's velocity than the pressure predicted by equstions (2) or (7).

The flow of gas in an infinite-area, infinlte-volume gun can be
analyzed by the method of characteristics. One example was worked out
by the method of characteristics and did include the effects of
chamberage. The pump tube pressure was teken as 50,000 psi and was
assumed to be held constant during the launching cycle. The speed of
sound in the heljum in the pump tube was assumed to be 10,000 ft/sec.
The mass of the projectile was taken to be 0,15 gram.

The results are shown in figures 24 and 25, which give the velocity
of the proJectile and the pressure at its base as functions of the distance
traveled along the bore., The severe decrease in base pressure with dis-
tance seen in figure 25 emphasizes the critical role played by the kinetic
energy of the propellant gas. It is of interest to note that the muzzle
velocity obtalned by the method of characteristies for this example,
17,000 ft/sec, agrees well with the muzzle velocity predicted by the approx-
imate formulse which are to be developed shortly; namely, lT,hOO ft/sec.

An approximate method for computing the effects of chambersge was
devised, which is believed to be sufficiently accurate for the engineer-
ing estimates required here (based on the results of experiments carried
out at the Naval Ordnance Leboratory). The essence of the approximstion
is contained in the generalization of equation (7) for the relation
between 1Ug and Gg. The complete excursion of #g is divided into two
regions, the first extending from O to (y - l)/2 and the second from

(y = 1)/2 toN(y + l)/2.l Tn region 1, 55 + g 1s assumed 4o increase
lExperience suggests that the Juncture should depend on 7y, and it

wes estimated that a jJuncture at 45 = Z—%—; = %- would represent the

characteristic datae. A check was made with one characteristic solution

and the estimsted velue of Z_é_l. was borne out by a satlsfactory fit
to the datsa.
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linearly with dug, that is, "

y -1
2

for 0L ug <
Es+ﬁs=D+Eﬁ-s (Bl)

In region 2, Gg + Ug 1s assumed to have the constant value equal to

N(y + 1)/2, that is,

vy -1 - v + 1
< <
g =UYs= 2

for

ry + 1
2

Og + Ug = (B2)

At this point it should be noted that the maximum value of TUg hes

been increased from 1 to~N(y + 1) /2. The physical significance of this
increase is connected with the change in the acceleration of the flow to
sonic velocity produced on the one hand by a constant-area expansion wave
and on the other hand by a varisble-area steady flow. The same maximum

velue W(7 + 1)/2) is obtained if the flow in the launch tube is assumed -
to consist of (1) a steady-state flow going from the chsmber into the

entrance of the tube at sonic veloeity and (2) an expansion wave from the

sonic flow at the entrance to the base of the projectile., It seems clear -
that the flow will spproach this model as a limit at infinite time.

Returning to a consideration of equation (Bl1), one can immediately
place limits on the values of Jg &t the boundaries of region 1. The
quantity &g must start with the value of unity (st Tg = 0), since the
pressure at the base of the projectile is equal to the pressure in the
pump tube at the start of the launching cycle; at the g = (y - 1) /2
boundsry &g must have the value given by equation (B2) for the start of
region 2, since the pressure must be continuous from one region to the
next, These limits prescribe the values of the constants in equation (BL),
which becomes, after the limits have been imposed

y - 1

2
- = 2 ’ + 1 -
O‘B+us=l+ﬁ< 7——2——- >us (33)

The acceleration of the projectile is given by equation (11), and the
relation between By and Gg by equation (8). If equation (B3) is sub- :
stituted into equation (8) for region 1, equation (B2) is substituted into

for 0L g <
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equation (8) for region 2, and equation (11) is integrated using equa-
tion (8), the following formulae are obtained for the veloeity - travel
history of the projectile:

For region 1: 0<dg < (y - 1)/2

Us
N g —2 . - )
3 = = (Bk4)
(B -20% (1 - vag)
o

where

o1 [ ()

¥y -1 - ¥+ 1
For region 2: 5 < ug < >
— —11-18
g -2 /7+l (/7+l ﬁ)
- -1 2 2 8
2=(2)_  y.q +—i | L
a-2t%F-2 B (25)
7y +1 -
2~ Us
— __‘7-1
2

where (2)ﬁ=(7_1)/2 = value of z at Tg = (y - 1)/2 from region 1l.

Comparison of the two curves in figure 26 shows the increase in veloc~
ity due to chzau:n‘nera.ge«2 A graph of the increase, represented by the quan~
tity (Usge - lisge)/Usge, 18 shown in figure 27. For the present gun most
of the firings are covered by a range in z from 0.2 to h,0, and it can be

2Tn the notation of figures 26 and 27, the subscript ac (iee.,
avec chanmbrage) denotes the infinite-area, infinite-volume chamber, and
the subscript sc (i.e., sans chambrage) denotes the bore-area, infinite-
length chamber.
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seen that the veloclty increase changes but little over this interval,
Consequently, the actusl muzzle velocity can be computed from the chart
velocity of figure 10 by multiplying the chart veloeity, Usy,s by a constant
factor, as was suggested by the ballisticians of the NOL., However, it
would be misleading to determine this factor as accurately as figure 27
might indicate. The theory glves a value for this factor of 1.2, but the
experimental date show that this value is too high, which may be the accu-
mulated result of errors In the various assumptions on which the analysils
is based. The results of the present firing trials cluster about a value
of 1.1 for the ratio of measured velocity to predicted velocity (see

flg. 23), and it is believed that this figure represents the best value to
teke at the present time to obtain the increase in muzzle veloclty above
the theoretical value predicted for the gun with the bore-area, infinite-
length chamber.

The modification to the use of the performasnce charts which accounts
for the chamberage may be summarized in the following rule of thumb:

Take usL ag 0.9 times the desired muzzle veloclty to enter figure 10.

It should be noted that the muzzle velocity depends critically on the
pressure at which the shear disk breaks. In fact, the shear-disk break
pressure controls elmost completely the sacceleration of the projectile dur-
ing the first part of its motion, sinee changes in pressure in the pump
tube after the rupture of the shear disk are s0 slow compared to the time
scale of the projectile's motion that they have little effect on the pro-
Jectile's velocity. Now, the pressure at rupture msy vary somewhat from
round to round since the strength of the shear disk mey vary due to inho-
mogeneities in the material, manufacturing tolerances, and so forth. Also,
the ‘central plug may not break out of the shear disk cleanly on all rounds
with the result that extra mess may be added to the proJectile and ragged
edges in the hole in the disk may peartially obstruct the flow of helium
into the launch tube. These factors will diminish the muzzle velocity.
However, experience with the gun to date indicstes that the muzzle veloc-
ity nearly always lies between ug_ and 1.2 X ug_ . This variation in muz-

zle velocity is ordinarily tolereble when the gun is used to launch models
in a free-flight, serodynamics range.

Effect of Pump Pressure Overrlde

The performence charts are based on the asssumption that the helium
starts flowing into the launch tube at sonic_velocity immedistely. Actu-
ally, the flow velocity is zero to start with and increasses toward sonic
velocity as a limit. Consequently, the helium does not leave the pump .
tube as fast a8 assumed and the pressure increases beyond or overrides the
design value, as indicated in the following sketch:
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Pressure override

~<—Actual variation of p

—- «—Assumed variation of p

Sketch (J)

The pressure coverride was first discovered when the flow of helium in
the pump tube during the pumping and launching cycles was studied for one
specific case by the method of charascteristics. The example chosen had
the following loading conditions: mg = 0.15 gram; = 171 grams;

P1 = 6,850 psi; p, = 248 psi; pog = 50,000 psi = rugﬁure pressure of the
shear disk (mS and p, are the same as for the example presented in the
previous section). The helium pressure and the velocity of the pump piston
are graphed for this case as functions of the distance moved by the pump
piston in figures 28 and 29. Figure 28 shows that the pressure rises
beyond the rupture pressure of 50,000 psi to a peak of 73,000 psi. Conse-
guently, the override amounts to 23,000 psi, or nearly 50 percent in this
cagse. The magnitude of this override is representative of the pressure
history which will result if the performance charts are used without
modification.

It is important to deviate from the subject of thls section for a
moment to mention one result obtalned from this analysis. It was found
that the pressure in the helium at any given instant of time during the
compression stroke did not vary spprecigbly over the length of the pump
tube. This result places the assumption of isentropic compression on a
firm basis and Jjustifies the assumption that the helium pressure prior to
release of the projectile is a function solely of the position of the

pump piston.

Tt might be supposed that the override is not particularly detrimentsl
to the gun's performance, since the acceleration of the projectile is
related, of course, to the pressure in the pump tube during the launching
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cycle. However, two effects enter intc this relation between pump pres-~
gure and projectile scceleration which render the override largely inef-
fective in increasing the acceleration. Both effects stem from the rapid
rise in the projectile's velocity compared to the rate of pressure incresse
in the pump tube. The first effect, the time required for a pressure
increase in the pump tube to reach the base of the projectile, is illus-
trated in the following sketch taken from the characteristic diagram.

Trajectory

1
|
|
|
i
{
.+ |
1] l
! {
' |
!
!
z L

Sketeh (k)

Pressure impulses coming from the pump tube sre transmitted along the
so~called P waves of the flow, and, referring to the sketch, one sees
that an impulse starting at +! reaches the base of the projectile at a
later time t''. Consequently, only part of f the pressure rise teking

place in any interval of time after the release of the projectile acts to

accelerate the projectile. The transmission time steadily increases as
the projectile moves out along the bore, and, in fact, there is a time
't Dbeyond which no further pressure changes in the pump tube will reach
the projectile before it leaves the muzzle.

The second effect is the reduction in the magnitude of an increment
in pressure that tekes place as it traverses the flow from the nearly still
helium in the pump tube to the raplidly moving helium adjacent to the pro-
Jectile's base. Referring to the above sketch, one recalls that the char-
acteristic quentity (i + &) is transmitted unchanged along P waves,
that is - _ . -

vhere the subscript T denotes quantities in the pump tube. As the pres-
sure in the pump ftuybe is changed the quantity &p will change, and, if
the effects of chamberage are ignored (for the sake of simpliclty), the
corresponding change in the value of Gz when the wave_reaches the
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projectile's base, will be the same as the change in &g, since the pro-
Jeetilets velocity does not vary in the instant that the wave strikes the
baese. This equality is evident on inspection of equation (B6) and msy be
written as follows: '

Since all changes in the flow are assumed to be isentropic, P end & are
related everywhere by an equation similar to equation (8); namely,

1
=5 (88)

If the variation in pressure is considered to consist of & succession of
small increments AP, the corresponding increment in & 1is given by the
differential of equation (B8) as follows:

_B-2
B :
JAYe) (B9)

AT =

@)

The increment in pressure at the base of the projectile caused by an
increment in pressure in the pump tube is determined by substituting

1
equation (B9) in equation (BY7), multiplying by BP, /8 (po is the ref-
erence pressure on which all isentropic calculations are based), and
collecting terms, thereby obtaining

™
1
P

P
s = (22) " o (310)

The exponent (B - 1)/B has the value 14/5 for helium, and consequently
the increment in pressure is reduced very neasrly in proportion to the pres-
sure itself, as can be seen from equation (Bl0)}). As a result, those pres-
sure Increases which reach the projectile after it has accelersted to an
appreciable velocity are substantially reduced from their original wvalue.
They also act for a shorter time and these two factors make them very much
jess effective than they would have heen I1f they had acted from the start
of the motion.

The loss in effectiveness of the override may be illustrated by fol-
lowing a pressure increase from the pump tube to the base of the projec-
tlle. The same case that was treated in the preceding section
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(mg = 0.15 grem, p = 50,000 psi) will be taken as the example here (see
figs. 24 and 25). Consider first a pressure pulse that reaches the pro-
jectile 80 microseconds after release, which is the time required for the
pressure in the pump tube to rise from 50,000 psi to 60,000 psi. At this
time the projectile has moved 5 inches, its -veloecity is 9,000 ft/sec, and
the pressure at its base is 19,000 psi. If the pulse started with a mag-
nitude of 100 psi, it will have & magnitude of only 40 psi as it reaches
the projectile. Consider next the last pressure pulse that can act on the
projectile, the one that reaches it right at the muzzle. Here the veloc-
ity is 17,000 ft/sec and the pressure is 3,500 psi. If the pulse was again
100 pel to start with, it will be only 10 psi as it reaches the projectile.

The foregoing discussion mekes it clear that the pressure override
decreases the maximum muzzle velocity that can be obtained for a fixed max-
imum allowable pressure. Of course, some override is necessary to insure
rupture of the shear disk and to hold the pump pressure at or above the
design value during the first part of the launching cycle. However, the
rupture pressure should be close to the peak pressure for optimum perform-
ance within a given pressure limit.

Undoubtedly the final sclution to the override problem will be found
in a revision of the analysis to account correctly for the flow of helium
out of the pump tube. However, an interim solution has been found in a
modification to the use of the performence ¢harts which, in practice, glves
the desired results. The revised procedure to be followed in the use of
the charts is this: -

The design value of pressure, p.p, used in the charts of figures 11,
12, and 13 is the shear-disk break pressure -pog from the chart of fig-
ure 10 reduced by 10,000 psi. BStating the rule as a formula one obtains

Pop = Pog - 10,000 psi (B11)

The effect of this modification is to reduce the override to around
10,000 psi for projectiles weighing about 0,30 grasm and shear-disk break
pressures running eround 50,000 psi, The reasons for the reduction in
override are cleasr if one explores the changes in the pumping cycle brought
about by the new loading conditions. The initial helium pressure, the pow-
der charge, and the mass of the pump piston are all reduced, as can be seen
from figures 11, 12, and 13. The veloecity of the pump piston at station 2
is also reduced, as may be determined from calculations based on equae-
tions (41) and (43) end the powder charge calibration of figure 9 (e.g.,
if up is computed for the case treated in the preceding section, its

value is reduced fram 800 ft/sec to 700 £t/sec). Consequently, at the
start of the launching cycle the pump piston is lighter and is traveling
slower than called for by the analysis. (The helium is also a little
hotter, since the compression ratio is grester.) As a result, the volume
of the pump tube is not reduced as rapidly at the time that the pump piston
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reaches station 2 as it would be with the unmodified loading conditions,
and the pressure override is reduced proportionally.

A secondary effect of the modification in loading conditions is to
reduce the time during which the pressure is held above the rupture wvalue.
The pump pressure probably falls below the shear-disk break pressure in
the latter part of the launching cycle. On the other hand, s loss in pump
pressure toward the last of the launching cycle probably has little effect
on the muzzle velocity for the very same reasons that the pressure override
is ineffective. As sketch (k) illustrates, any change in pump pressure
after time +t°'*'! cannot reach the projectile before it leaves the muzzle.

It is well to conclude this section on the pressure override with a
note of caution. The rule given by equation (Bll) is a purely empirical
one and the value of 10,000 psi is quite arbitrary. It is fairly firm for
projectile masses and rupture pressures close to the values guoted (0.30
gram and 50,000 psi). On the other hand, if the masses and pressures
differ markedly from these values, the override may well become excessive.

The rule of equation (Bll) will regulre further modification in order
to adapt it to the full range of operating conditions. At present, greast
caution should be exercised in operating the gun at high pressure, The
helium pressure in the coupling should be measured on every round. The
loading conditions should be varied in small steps. Only in this way will
it be possible to obfain the highest velocities from the gun within the
limits of pressure set by its strength.
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APPENDIX C

COMPUTATIONAL PROCEDURE FOR PERFORMANCE OF PISTON-COMPRESSOR

TYFE LIGHT-GAS GUN

In outlining the computational procedure to be followed in computing
the performence of a light-gas gun of the piston-compressor type, it is
considered that the dimenslons of the gun and the light gas to be used
have been chosen and are fixed quantities at the start of the computation.
The initial conditlone for the computatlion are the projectile mass, Mg,
and the muzzle veloclty, ug The steps of the computation are given in
sequence in the following outllne, It will be recalled that the states
designated by the subscripts O and 2 are the same in this application of
the analysis (i.e., Py = pa).

1. Assume a value for ag; (if helium is used, a representative value
is 10,000 f£t/sec).

2. Compute 1g and ag from ug, a2, and 7.

3. Compute Z from the following eguatbtion:

A ) 6w A (1)
rE: 7 + 1
(T - us)7 *

L, Compute % from the foliowing egquation:

Lz
= ; n i (L -8 -1 (c2)

5. Compute p, from Z of step 3, and compute %7, from p, of
this step and I of step k.

6. Compute x> from
7+1

g/ o V(-2
Xz = Xg + agiy, K:; (;—:—l-> (03)

]
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T. Compute a8, from

2
ap = a](-;:-é' (ck)

8. TIterate, starting with the value of a, from step 7 in step 1
and repesting steps 1 through 7 until the values of ay from steps 1
and 7 agree within the desired accurscy. Experience has shown that
the process is rapidly convergent and agreement within 1 percent is
usuglly obtained with three or four iterations. One-percent accuracy
is probably all that is Justified considering the uncertainties in
the basic assumptions of the anslysis.

9. Compute ug using the final value of 8p from step 8.

10. Compute Z and ¥ from equations (Cl) and (C2) using Tg ZFrom
step 9.

11. Compute p, using 2z from step 10. The value of p, obtained
in this step is to be used in all subsequent calculations,

12. Determine the thickness of the shear disk from p, of step 11.
For the Ames gun, the relation between sheasr-disk thickness and rup-
ture pressure (Pa of step 11) was determined by experiment (see
fig. 1h4). '

13. Compute the initial helium pressure, p,, from

4
Py = pa<§% (c5)

1%, Compute t; from © of step 10.
15, Compute the mass of the pump piston, mp, from the followiﬁg'
equation, setting Py = O:

_ Ap(p, - P2)tp?
= 2(xz ~ xs)

(c6)

16. Compute up,  from the following equation, setting Pp = 0:
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- Ap(pz - P2)-tL

c
. - (e7)
17. Compute Py from
7=1
Uy 2 jol
e(r - 1) P Do + = [(E_J.-) - l]}
EAPXJ_ Y - 1 Xo
Pl = (CB)
1
- x r-1
2
[l + c<; "X ]
where c¢ 1is given by
XlAp p A &
= (X
I [l Ty (Ap ] (09)
18. Compute Py from
P
Py = : (c10)

o2

19. Repeat steps 15 through 18 using the value of P, from step 18
and continue. the iteration until the values of P, from successive
lterations agree within the desired accuracy. Usually three or four
iterations are sufficlent to obtain agreement within 1 percent.

20, Compute mp, up_ , and Py using the final value of P from
step 19. L :

21, The last part of the calculation is to compute the powder
charge, me. A4 choice is involved here depending on whether or not
firings have been carried out with the open-ended pump tube to cali-
brate the powder (see the section in this report: "ANALYSIS: Pump-
ing Cycle"). If & powder-calibration Piring has not been carried
out, the powder charge may be computed from the following equation:
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Pv = RT (c11)

where RT is called the force comstant of the powder (a typical

value is 70 long tons/sq in. X cc/gram - see Chapter Three: "The
Thermochemistry of Propellants" of ref. 15), or the charge may be
computed from more exact interior bsllistic methods (see ref. 11).

22, TIf powder-calibration firings have been carried out, (s8) com-
pute uPL from the following equation using the values of P; and

mp from step 20,

2 EAPITPJ- 1
Upr, T 1- r-1
mpC(r - 1) (1 +0)

(c12)

where the factor C 1is defined by the following eguation:

-2zl o

(b) and use the results of the calibration firings to obtain m
from uPL of step 21(a) and my of step 20 (for an example of &

charge calibration chart see fig. 9).
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TABLE I,- FIXED QUANTITIES

FOR

NACA TN L4143

LIGHT-GAS GUN

Launch tube
Iength, L, £ . . ¢« ¢ ¢ ¢ ¢ ¢ « o« &
Dismeter, dg, In. « « « + « ¢« « o &
Pump tube
Length, Ip, ft < « ¢« ¢ v v « o ¢ &
Diameter, dp, in. « « « + o ¢ o o &
Pump piston stop-reverse position,
Powder chamber
Volume, U . ¢« ¢« + o « o » ¢ o ¢« o @
Valve tube
Iength, Ly, £t . ¢ ¢ ¢ « ¢ ¢ o « &
Diameter, dy, In. « « & ¢ ¢« ¢ ¢ + &
Ratio of piston masses, my/mp . . .
Ratio of specific heats
Powder gas, I' . ¢ o« « ¢ ¢ o« o« o o &
Helium, ¥ « ¢« ¢« o ¢ ¢ o o ¢ o o o o«

. . 4.hO
. o 0.229
. . 9.24
. . 0.786
. . 0.2
0.0313 £%°
. . k66
. . 0,822
e o 3-15
. . 1.300
. . 1,667




TABLE II.- SUMMARY OF FIRING DATA

CHTH NI VOVN

Design Rupture Peak
Round Projectile wp,® | Type of pressure, | pressure, | pressure,| xg,? | py,° usL:“ Up,® | 2ue,t
Ro. design grams shgar—dism | eps PaRy Pay £t | mmHg | £t/sec | £t/uec | fo/pec
psl pai pBl
1 Nylon cylinder 0.311 Ragged, 20,000 20,000 17,800 0.23 2| 8,900 = = | = -
2 |H®ylon cylinder 3LL| Clean 20,000 20,000 29,000 22] 26| 8,9500| 9,870| 9,700
3 |Nylon cylinder 311 | Ragged '} 30,000 30,000 39,000 24| 22110,000 |120,600| 9,700
with 0.003 in, thick
brass cap on front
4 |N¥ylon cylinder 311 | Ragged 30,000 30,000 40,000 26 He @]10,000 | -~ « ~| 6,960
760
5 [Magnesium cylinder 31| Eroded- | 40,000 20,000 56,000 J2) 27| 8,900 9,000 8,400
Malted
6 |Rylon cylinder and »311| Clean 40,000 50,000 56,000 25| 30 |11,%0 | 12,000 | 12,600
1/8 in. alem,
75 = 8T sphere
T |Hylen cylinder 221 | (lesn 40,000 50,000 54,000 27| ¥ |12,3% 12,600 | 11,800
8 Nylon cylinder 311, Clean 50,000 60,000 72,000 04 njn, 12,800 | 11,800
9 |Hylon cylinder 192 | Ragged 60,000 61,000 | 109,000 23| 34|13, 12,100 | 11,600
10 |[HNylon cylinder 311 | Clean 60,000 70,000 8k,000 OT| k0 112,370 22,100 | 11,600
11 |Kylon oylinder 211 (lean 60,000 70,000 84,000 [« = 8 113,450 | 15,400 | 12,100

(a) my = projectile mass

b) Xg = stop reversal position of pump piston

e) Py = pressure In vacuum tank

ug, = mzzle veloelty predicted (fig. 10) based on Por

Uy = measured mizele veloolty

{ glUg = mean veloeity measured between second and third grids

g “:7“31, = ratlo of measured muzzle velcclty to predicted muzzle veloelty

Y

0

<9
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A-18761.2
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-._._:-,__ ST _— e \-{ Coupling

4 inch alining tube

Figure 2.— The launcher unit. A-10998
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Figure 4.~ Loading positians of pump and valve pistons.
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Performance charf, muzzle velocity versus rupture pressure.
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Pump piston mass, mp, grams
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Figure 20~ Spark phoiograph of round number 4,

A-20382
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(a) Experimental set-up before firing. ~ (b) Streak photograph of projectile in flight.

Figure 21.- Streak photograph of round number 6: view from camera B. (Figure {6).
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Figure 24.- Projectile velocity versus travel from method of
characteristics , a; = 10,000 ft/sec , p, = 50,000 psi,

mg = Q.15 gram, y = 5/3.
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